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Abstract

Carbon Fiber Reinforced Polymers (CFRP) is widely utilized in the aerospace field due to
their significant specific strength, specific modulus and strong design ability. However,
anisotropy and low interlaminar bonding strength lead to burr, tear, lamination and other
damages in CFRP machining. In this paper, a 3D finite element model for the milling of
CFRP was carefully developed and the cutting forces, the interlaminar stress and the
interlaminar damage were properly obtained. Typically based on the developed model, the
effects of geometric parameters of the multi-tooth milling tool were precisely analyzed. Next
tool geometries were optimized for suppressing the interlaminar damage in the milling of
CFRP. Results convincingly show that the multi-tooth milling tool with the geometry of
1.4mm length of the micro tooth, 38.2° left helix angle, 11 left-handed chip grooves, 15° right
helix angle, 12 right-handed helix grooves, approximately rectangular of section shape of the
chip groove, 10° rake angle and 15° clearance angle efficiently delivers the optimal
performance. Besides, cutting performance of numerous coated tools was also studied.
Results typically show that the multi-tooth milling tool with a diamond coating maintains
significant advantages in aspects of the tool life and costs compared with the uncoated and
diamond-like carbon coating (DLC) coated tools.
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1. Introduction
Carbon Fiber Reinforced Polymers (CFRP) has excellent mechanical properties, such as

an excellent specific strength and a great corrosion resistance; thus, it is widely used in
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automobiles, aviation, and aerospace [1,2,3]. Although, CFRP are commonly manufactured
by the near-net forming, most of the CFRP parts typically need to be properly trimmed in
order to meet the size and assembly requirements. The milling process is one of the most
commonly used methods for trimming of the CFRP [4,5]. However, due to the lower
interlaminar bonding strength, the CFRP parts are prone to delamination damage during the
CFRP machining, which has a substantial effect on the service performance of the CFRP
parts [6]. Therefore, low-delamination milling of the CFRP remains a key factor which
generally affects the further application of the CFRP.

Many valuable researches on optimizing the CFRP milling process have been carried out,
primarily focusing on two key aspects: machining parameters and the milling tool. It was
reported that the machining damage of the CFRP can hardly be completely suppressed by
machining parameters optimization alone [7]. The milling tool in common i1s in direct contact
with the CFRP in the milling process, its optimization can alter the cutting behavior, which
provides a greater possibility for the damage suppression. Robert et al. [8] studied the surface
quality in the milling of CFRP with different rake angles and clearance angles. It was
reported that increasing the rake angle exerted a positive effect on the surface quality, and
increasing the clearance angle progressively increased the milling quality due to the reduction
of contact area between the tool and the material. Jenarthanan et al. [9] conducted a CFRP
milling experiment with different helix angles. It was found that the helix angle was the most
significant machining parameter affecting multiple performance characteristics. Han et al. [10]
carried out experiments to compare the performance of the milling tool with diamond coated
and TiB> coated. Results showed that the multi-tooth tool with diamond coated demonstrated
the best performance with the smallest cutting force and the least wear.

However, during the milling process, conventional milling tools with helix flutes would
typically produce an axial cutting force, which can cause delamination and burr of the upper
surface due to the lower interlaminar bonding strength [11,12]. Therefore, further studies
retain specific focus on the novel tool structure. Wang et al. [13] pointed out that the thrust
force was the prime concentrated force causing the considerable damages in milling and
proposed the left-right edge milling tool. For the upper surface, the left-right edge milling
tool can cut forward inside, and minimize the cutting force (due to the left-handed spiral
offset effect). Compared with the right edge milling tool, the left-right edge milling tool can
effectively remove the burrs, and avoid delamination and the tears. Lopez et al. [14] designed
a multi-tooth tool for CFRP milling. It was reported that the multi-tooth tool could not
produce a Z-axis force component, and the bending of the slender workpieces by an effect of
the cutting force was prevented. Wang et al. [7] optimized the structure of the multi-tooth
cutter. In contrast with the conventional multi-tooth cutter, the multi-tooth cutter whose
right-handed micro cutting edges and left-handed micro cutting edges were arranged
alternatively in the cutter’s circumferential direction had an obvious advantage in suppressing
the surface damages in edge trimming of the CFRP. Overall, by optimizing the milling tool,
the surface quality can be improved effectively. However, because it is challenging to
properly obtain the interlaminar stress, scarce research optimized the geometry of the
multi-tooth cutter directly exploiting the using interlaminar stress or damage.

In this work, a 3D finite element model for the milling of the CFRP is carefully
developed. Additionally, cutting forces, interlaminar stress and interlaminar damage are
properly presented. Moreover, the geometries of the multi-tooth milling tool are optimized by
adopting a simulating model, and the tool coating is also optimized by the milling
experiment.

2. 3D finite element model for milling of the CFRP



2.1 CFRP damage theory

Material property essentially remains an important factor to establish an accurate 3D
finite element model. In our experiment, to give consideration to both computational
efficiency and precision, we established a 3D finite element macro model. The single-layer
plates were set as the equivalent homogeneous (EHM) model without distinguishing between
fiber and matrix [15,16].

For the internal damage of the layer, the damage evolution model was established based
on the CFRP 3D Hashin failure criterion [17,18,19]. Moreover, for the interlaminar damage,
based on the Quade Damage, the layers were connected by the Cohesive elements to simulate
the generation and expansion of mterlaminar damage.

2.2 3D finite element model setting

The workpiece included laminated plates and interlaminar parts, as shown in the Fig. 1.
In consideration of calculation efficiency, the model size of the workpiece was
Smmx3mmx>2mm, and it was divided into four layers, each layer was 0.5mm in thickness.
Cohesive elements were arranged between layers. The workpiece of the FE model was
divided in to 4 layers, there were exactly 3 layers Cohesive elements, and the 3 layers
Cohesive elements were the upper layer, middle layer and lower layer respectively, which can
obtain the interlaminar damage of the upper layer, middle layer and lower layer when milling
CFRP. The Imm wide workpiece area on the side away from the cutting area was set to be
fully constrained. In order to save the calculation time, the milling tool was defined as a rigid
body because the rigidity of the milling tool was considerably greater than that of the
workpiece.

The setup of mesh was very important in the simulation of high deformation. We set the
element mesh type of laminated plate as C3D8R, and the generation mode was Structured
Hex. The element mesh size of the laminated plate was 0.lmmx0.1lmmx0.lmm, and the
element number of the laminated plates were 34500. Further, the element mesh type of
interlaminar the Cohesive element was positioned as COH3D8, and the generation mode was
Sweep Hex. The thickness of the interlaminar Cohesive element was set as 0.01mm, and the
mesh size was 0.lmmx>0.1lmmx0.01lmm. Additionally, the element mesh type of the milling
tool was set as C3D4, and the generation mode was Free Tet. The element mesh size of the
milling tool was 0.3mm, and the element number of the milling tool was 76000.

Completely fixed

Fig. 1. Finite element model for milling CFRP
The motion of the reference point on the tool was controlled to realize the simulation of



the milling motion process. The contact between the milling tool and workpiece was
stationed as the surface (milling tool) and the node region (all the nodes of the workpiece).
The contact type was Coulomb friction, and the friction coefficient was 0.5 [20]. At the same
time, in order to avoid the internal elements of the workpiece embedded in each other during
the milling process, self-contact was adopted for the whole model. The parameters of the tool
geometry and the milling process parameters are listed in Table 1 and Table 2, respectively.

Table 1 Geometrical parameters for the milling tool

Parameter Value
Diameter, ¢ (mm) 10
Rake angle of the peripheral edge. y (°) 10
Clearance angle of the peripheral edge. a (°) 10
Helix angle, 4 (°) 45

Table 2 Milling process parameters

Spindle rotation Feed speed, Axial depth, Radial depth,
Speed. #n (rpm) f(mmer?) dp (mm) de (mm)
4000 0.24 2 1

2.3 Validation of the finite element model

In order to verify the accuracy of the finite element model, milling experiments
were carried out. Fig. 2 shows the experimental setup for the milling of the CFRP.
Milling processes were conducted on the DMU 80T vertical machining center. The
CFRP workpieces were fixed by the two plates, and then they were installed on a
dynamometer. Cutting forces were measured by the three-component dynamometer
(Kistler™ 9257B).

In this work, the CFRP workpiece was unidirectional laminated plate, and the
workpiece size was 250mmx120mmx2.5mm. Moreover, the carbon fiber was T700. The
main properties of the CFRP are listed in Table 3. Right-hand carbide milling tools with
4 cutting edges and 10 mm diameter were used for the experiment, and the structural
parameters of the milling tool were the same as those in the simulation model (Listed in
Table 1).

In the experiments, we conducted four typical fiber orientation angle up milling
processes. The axial depth was 2.5mm, which was different from the axial depth in the
simulation. Because the increase in the axial depth in the simulation would lead to a
sharp increase in the calculation time; thus, the axial depth in the simulation was kept
smaller than that in the experiments, and the cutting force per unit depth (Nmm™) was
used for the verification in the comparison process to ensure the unity of the comparison.
Other cutting parameters are listed in Table 2.



Fig. 2. Experimental setup for milling of the CFRP

Table 3 Material properties of CFRP

Property Value
Elasticity modulus E11/GPa 133
Elasticity modulus E»»/GPa 8
Elasticity modulus E33/GPa 8
Shear modulus of the plane 1-2 G12/GPa 532
Shear modulus of the plane 1-3 G13/GPa 532
Shear modulus of the plane 2-3 G»3/GPa 3.99
Poisson's ratio vi2 0.25
Poisson's ratio vi3 0.25
Poisson's ratio v23 0.34
Tensile strength along the fiber o7,/MPa 1900
Compressive strength along the fiber o7,/MPa 1300
Tensile strength perpendicular to the fiber 3,/MPa 41
Compressive strength perpendicular to the fiber o3,/MPa 170
Shear strength in the plane 1-2 S;o/MPa 81
Shear strength in the plane 1-3 S13/MPa 81
Shear strength in the plane 2-3 S»3/MPa 81
Tensile fracture energy along the fiber direction Gg/( N-mm) 81.5
Compression fracture energy along the fiber direction Gg/(N-mm™) 106.3
Tensile fracture energy perpendicular to the fiber direction Gu¢/( N-mm™) 0.28
Compression fracture energy perpendicular to the fiber direction Gpe/( N-mm™?) 1.31
Mass density p/(Kg'm) 1210

The average values of the peak cutting force in the stable cutting zone were typically



taken as the experimental and simulated cutting forces. Fig. 3 shows the cutting forces of the
milling CFRP unidirectional laminated plates. The cutting forces obtained by the simulation
were mostly smaller than those by the experiment, which is ascribed to the ideal condition
that the tool of the simulation model was completely sharp and without wear. The average
errors between the experimental results and the simulation results of four typical fiber
orientation angles in X (Fx), Y (Fy) and Z (F) directions were 28.5%, 16.9% and 13.4%
respectively. By comprehensive and careful considerations of the variations and values of the
cutting forces, the 3D finite element model was reliable to be used for the geometric
optimization of the cutting tool in the milling of CFRP.
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Fig. 3. Cutting forces in different fiber orientation angles (a) Fx (b) Fy (c) F;

2.4 Characterization of the interlaminar damage

Milling of the CFRP is susceptible to interlaminar crack, tear, and delamination due to
the lower interlaminar bonding strength. So, decreasing the interlaminar stress is always a
goal in the machining of CFRP. However, it is difficult to measure the interlaminar stress by
experiments. In our experiment, the interlaminar stress was extracted based on the 3D finite
element model. 16 nodes of 4 elements at a certain distance from the cutting area (ensure 16
nodes were not removed during the entire cutting process) were used as stress extraction
nodes, and the interlaminar stress was expressed with the Mises equivalent stress [21], as
shown in the Fig. 4. As it 1s known that greater the average value of the interlaminar stress at
the same location, the more serious is the interlaminar damage; thus, we took an average
stress of 16 nodes as a reference standard of the interlaminar stress.



16 extraction nodes

Fig. 4. Extraction node of interlaminar stress
The quantitative characterization of the interlaminar damage is very important for the
comparison of the interlaminar damage under the different processing conditions. During the
cutting process, the stiffness degradation occurs when the stress of the interlaminar element
reaches the extreme value under the action of the cutting force. It was reported that when the
stiffness degradation reaches 0.99, the material has almost lost its bearing capacity and can be
used as the interlaminar damage area [22]. Therefore, in this experiment, the area where the
stiffness degradation coefficient reached to 0.99 was regarded as the interlaminar damage
area. In this work, the 2D interlaminar damage factor was used to calculate and characterize
the interlaminar damage [23], as shown in the Fig. 5. The 2D interlaminar damage factor Fy
1s given as
Fp =32 (1)
where Ap 1s the area of the interlaminar damage area and Aris the area of the material to be
removed. At can be calculated by
Ar=a. XL (2)
where ae 1s the radial depth of milling and L is the length of the workpiece to be machined.

L

Fig. 5. Schematic diagram of 2D interlaminar damage factor characterization

It was reported that when the milling tool was right-hand milling tool, the cutting edge
produced an upward cutting force component, due to the constraint of the upper layer of the
CFRP was weak, the interlaminar damage of the upper layer was more serious than that of the
lower layer [11,13]. In our experiment, the interlaminar stress of the upper interlaminar
Cohesive elements of the CFRP was used to characterize the milling damage of the CFRP.



3. Optimization of the milling tool

3.1 Optimization of the geometrical parameters

The geometric parameters of the multi-tooth milling tool, including the helix angle, the
section shape of the chip groove, the rake angle and the clearance angle, would be optimized
by the established milling simulation model.

3.1.1 Helix angles of the grooves and numbers of the grooves

Left-handed chip grooves and the right-handed helix grooves interleaved to form the
micro tooth (Fig. 6), so the structure of the micro tooth depends on the left and right helix
angles and the number of the left-handed and right-handed grooves.

Right-handed
helix grooves

Iefi-handed %

chip grooves

Fig. 6. The structure of the multi-tooth milling tool

As shown in the Fig. 7, the left helix angle and the number of the left-handed chip
groove can be calculated as

lac = m (3)

IBC = ICD X Sinﬁ (4)

IBD = ICD X COSﬁ (5)

« = acrtan 22 (6)
Ip

lgr = lce + lep (7

where d is the diameter of the multi-tooth milling tool, in this work, the diameter of the
multi-tooth milling tool is 10mm, = 1s the number of the left-handed chip groove, « is the left
helix angle, £ is the right helix angle, and the length of the micro-edge is /&r.



Fig. 7. The calculation of the left-handed helix angle

More teeth can effectively improve the tool life and machining efficiency. Due to the
small CFRP chips, the number of right-handed helix groove for 10mm diameter tool is
usually 8-14. In our experiment, the number of right-handed helix groove was set at 12 and
the length of micro edge was set at 1.4mm. The number of teeth and micro edge length are
not discussed in this paper.

Table 4 shows the different parameters of the left helix angle and the number of
left-handed chip groove, the multi-tooth milling tools with different left helix angle and
number of the left-handed chip groove are shown in the Fig. 8.

Table 4 Multi-tooth milling tool with different left helix angle and the number of left-handed chip groove
Serial Left helix angle = Number of the left-handed Right helix

number a(®) chip groove, m angle 8 (°)
1 64.1 5 15
2 45.6 9 15
3 41.8 10 15
4 38.2 11 15
5 26.9 15 15
6 63.5 5 25
7 42.3 9 25
8 37.7 10 25
9 334 11 25

—
=

19.7 15 25




1 2 3 4 5
7 8 9

Fig. 8. Multi-tooth milling tools with different left helix angle and number of the left-handed chip
groove

6 10

Fig. 9 shows the cutting forces with the different left helix angles and number of the
left-handed chip grooves. Because the Y direction was the feed direction, so the cutting force
in the Y direction was greater than that in the other two directions. Whether the right helix
angle 1s 15° or 25°, the axial force decreases first and then increases with the increase of the
number of the left-handed grooves. When the number of the left-handed groove was 11, the
axial force was the minimum, and the left helix angle was 38.2° and 33.4°, respectively. Fig.
10 shows the interlaminar stress and 2D interlaminar damage factor with the different left
helix angles and number of the left-handed chip grooves. The variation trend of the
interlaminar stress and 2D interlaminar damage factor was basically consistent with that of
the axial force. When the axial force was minimum, the interlaminar stress was minimal,
correspondingly, the interlaminar damage was insignificant.
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Fig. 9. Cutting forces with different left helix angles and number of the left-handed chip grooves
(fiber orientation angle= 45°, n= 4000rpm, /= 0.24 mme1’, a,= 2mm, ae= 1mm)
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The axial force should be determined by both the left helix angle and the length of the
micro tooth in the direction of the chip groove. As shown in the Fig. 8 and Fig. 11, with the
increase of the number of the left-handed chip groove, the left helix angle decreases, in
addition to decrease in the downward axial force generated by the left-handed chip groove.
Further, the effect of the reduced downward axial force offsetting the upward axial force
generated by the right-handed helix groove is reduced, so the overall axial force increases
with the increase in the number of the left-handed chip groove. However, with the increase in
the number of the left-handed chip groove, the micro tooth become longer in the direction of
the chip groove, as shown in the Fig. 8. As the micro tooth become longer, the cutting length
of the micro tooth which produces downward axial force is increased, making downward
axial force generated by the left-handed chip groove to increase, so the overall axial force is
decreased with the increase in the number of the left-handed chip groove. Therefore, the
number of left-handed chip groove should consider both the left helix angle and the effective
cutting length of the micro tooth. Compared with the right helix angle of 25°, the axial force
with the right helix angle of 15° is smaller. As shown in the Fig. 8§ and Fig. 11, with the
decrease in the right helix angle, the upward axial force generated by the left-handed chip
groove is decreased, so the overall axial force decreases with the decrease in the right helix
angle.

Upward axial fore

Fig. 11. Diagram of force applied by milling tool



3.1.2 Section shape of the chip groove

The section shape of the chip groove is an important parameter that can affect the cutting
behavior of the chip groove. The most commonly used section shapes of the chip groove
includes: approximate rectangular and the arc, as shown in the Fig. 12.

Micro tooth |

a

Chip groove

Approximate
rectangular .

Micro tooth

e e . s i e i

Micro tooth

Chip groove

Micro tooth

Fig. 12. Multi-tooth milling tools with different section shape of the chip groove

(a) Approximate rectangular (b) Arc

Fig. 13 shows the cutting forces with different section shape of the chip grooves.
Compared with the axial force of an arc section shape chip groove, the axial force of
approximate rectangular section shape chip groove is reduced by 46.9%. Because the Y
direction was the feed direction, so the cutting force in the Y direction was greater than that in
the other two directions. Fig. 14 shows the interlaminar stress and 2D interlaminar damage
factor with different section shape of the chip grooves. Compared with the 2D interlaminar
damage factor of an arc section shape chip groove, the 2D interlaminar damage factor of
approximate rectangular section shape chip groove is reduced by 17.8%. As mentioned above,
the smaller axial force corresponds to the smaller interlaminar stress and interlaminar
damage.

As shown in the Fig. 12, an arc shape groove produces a negative rake angle for the
left-handed cutting edge, which can produce large axial forces. It was reported that the
approximate rectangular shape left-handed cutting edge was sharper than an arc shape



left-handed cutting edge, which could produce smaller cutting forces [24]. So, the overall
axial force of an arc shape should be smaller, and the interlaminar damage of an arc shape
will be smaller. However, this is inconsistent with the results. Considering that the rake face
of the arc shape groove is an arc, this may be related to the axial force direction generated by
the left-handed cutting edge. The direction of the axial force generated by the approximate
rectangular shape left-handed cutting edge 1s unchanged, while the direction of the axial force
generated by the arc shape left-handed cutting edge is changed. Therefore, the approximate
rectangular shape left-handed cutting edge can effectively offset the axial force generated by
the right-handed cutting edge, which can produce smaller overall axial force, resulting in less

interlaminar damage.
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Fig. 13. Cutting forces with different section shape of the chip grooves (fiber orientation angle= 45°,
n=4000rpm, f= 0.24 mmer’!, ay= 2mm, a.= 1lmm)
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3.1.3 Rake angle and clearance angle

The rake angle and clearance angle are important parameters that can affect the cutting
behavior of the micro tooth. Fig. 15 shows the cutting forces with different rake angles and
clearance angles. Because the Y direction was the feed direction, so the cutting force in the Y
direction was greater than that in the other two directions. As shown in the Fig. 15a, with the
increase of the rake angle, the axial force decreases, because the larger rake angle can make
the micro tooth become sharper. Whether the rake angle is 10° or 20°, there is no significant



difference in the magnitude of the axial force. Considering that excessive rake angle reduces
the strength of the tool tip, and the high strength of the carbon fiber can cause tool wear, so
the rake angel of 10° is selected. As shown in the Fig. 15b, with the increase of the clearance
angle, the axial force decreases, because the large clearance angle can reduce the friction
between the flank surface of the micro tooth and the workpiece, and make the micro tooth
become sharper. Whether the clearance angle 1s 10° or 15°, there is no significant difference
in the magnitude of the axial force. Because the large clearance angle can improve the wear
resistance of the micro tooth, so the clearance angel of 15° is selected. Fig. 16 shows the
interlaminar stress and 2D interlaminar damage factor with different rake angles and
clearance angles. The smaller axial force corresponds to the smaller interlaminar stress,
correspondingly, the interlaminar damage is smaller.
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Based on the 3D finite element model for the milling of CFRP and simulation results,
the geometrical parameters of the multi-tooth milling tool are optimized and designed. The
optimization results are listed in the Table 5.

Table 5 The optimized geometric parameters

Length . Number of Right Number of Section
) Left helix . . Rake  Clearance
of micro left-handed helix right-handed  shape of the
angle ] ] ] angle angle
tooth chip groove angle helix groove  chip groove
Approximate
1.4mm 38.2° 11 15° 12 10° 15°

rectangular




3.2 Optimization of the tool coating

Diamond coating is commonly suggested for machining of the CFRP. Comparing to the
diamond coating, diamond-like carbon coating (DLC) has relatively poor performance but
lower cost, so DLC is also widely used for the cutting tool. In this experiment, the
performances of the different tools were compared by milling experiments. Four types of
milling tools 1.e., conventional milling tool, multi-tooth milling tool, DLC coated multi-tooth
milling tool, and diamond coated multi-tooth milling tool (as shown in the Fig. 17) were used
to optimize the tool coating and to verify the cutting performance of the milling tool
optimized by simulation. Due to the low Co content requirement of diamond coating,
WC/6Co carbide was used for the substrate of diamond coated multi-tooth milling tool. The
substrates of DLC coated multi-tooth milling tool and uncoated milling tools were the same,
WC/12Co carbide. Multi-directional CFRP panel with [45/0/-45/90]¢s orientation was used
for the workpiece, and its size was 170mmx120mmx6mm. The helix angle of the
conventional milling tool was 25°. The machining quality of the CFRP was measured by the
Keyence™ VHX-1500 microscopy and the QUANTA FEG250 SEM. The tool wear was
measured by the Microcapture pro microscope. The milling process parameters are listed in
the Table 6.

Conventional milling tool

e ———

Multi-tooth milling tool

Fig. 17. The experimental tools
Table 6 Milling process parameters

Tool type Spindle rotation Feed speed, Axial depth, Radial depth,
Speed. n (rpm) Ja (mmez?) dp (mm) a. (mm)
Conventional 4000 0.06 P )
milling tool
Multi-tooth 5000 0.02 P )
milling tool

Fig. 18 shows the burrs at the upper surface and lower surface of the CFRP workpiece
with different tools when the milling length was 1.7m. It can be found that the burrs of the
CFRP workpiece machined with conventional milling tool is the worst. As mentioned above,
the left-handed chip groove of the multi-tooth milling tool can generate the downward axial
force, so the staggered left-handed chip grooves and right-handed helix grooves can generate
cutting force reciprocating up and down on the fiber, and this effect is conducive to the fiber
fracture. However, the conventional milling tool only has the right-handed helix grooves
which only generate the upward axial force, and the fibers are not easy to break, so the burrs
of the CFRP workpiece machined with the conventional milling tool is worse. Compared
with the multi-tooth milling tool, the CFRP workpiece machined with coated multi-tooth



milling tool had almost no burrs. At the beginning of the milling process, the coated of the
multi-tooth milling tool was not yet destroyed. The coated multi-tooth milling tool was
sharper than the multi-tooth milling tool, so the coated multi-tooth milling tool could
effectively remove fibers and avoid burring.

Fig. 19 shows the machined surface of the CFRP workpiece with different tools when
the milling length was 1.7m. The result shows that there was no obvious difference between
the different tools. It was stated that an increase in tool wear would lead to the increase of the
axial force [25]. Although the uncoated tool wear is more serious, the uncoated tool wear may
not cause a large increase in the axial force in the initial stage of the milling; therefore, no
delamination damage is found on the CFRP workpiece machined by coated or uncoated tool.
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Fig. 18. The burrs at upper surface and lower surface of the CFRP workpiece with different tools
(milling length: 1.7 m)
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Fig. 19. The machined surface of the CFRP workpiece with different tools (milling length: 1.7m)

Fig. 20 shows the burrs at the upper surface and lower surface of the CFRP workpiece
with different tools when the wear of the flank (VB) reaches 0.lmm. The CFRP workpiece
machined with four types of the milling tools produces obvious burrs because of the tool wear.
However, the burrs of the CFRP workpiece machined by the conventional milling tool was
worse, the reason for this phenomenon has been explained above.

nal milling too Multi-tooth milling tool multi-touth
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Fig. 20. The buirs at upper surface and lower surface of the CFRP workpiece with different tools
(VB: 0.1 mm)

Fig. 21 shows the machined surface of the CFRP workpiece with different tools when
the wear of the flank (VB) reaches 0.1 mm. Delamination occurred on the machined surface
machined with uncoated tools, and the delamination was located on the upper part of the
machined surface. It was stated that the multi-tooth tool with the diamond coated showed the
smallest cutting force and the least wear extented under the same cutting parameter [10]. The
cutting forces of the uncoated tools are larger and the constraint of the upper layer is weak;
therefore, the delamination occurs.

Fig. 22 shows the tool wear when the wear of the flank (VB) reaches 0.1mm. The value
of the wearing capacity of the flank (VB) was measured after every 1.7m milling. It can be
found that the uncoated tools were passivated, this phenomenon can prove that the cutting



forces of the uncoated tools are larger. When milling the CFRP, although the left-handed chip
grooves and right-handed helix grooves participate in the milling at the same time, the
right-handed helix grooves plays a major role in milling, and the wear 1s more serious than
the left-handed chip grooves. Note that, both the DLC coated and diamond coated were worn;
however, the wear of the DLC coated was more serious. In addition, the variation of wearing
capacity with the milling length was recorded, as shown in the Fig. 23. When the wear of the
flank (VB) reaches 0.1mm, the milling length of the conventional milling tool, multi-tooth
milling tool, DLC coated multi-tooth milling tool and diamond coated multi-tooth milling
tool were 6.8 m, 11.9 m, 22.1 m, and 54.4 m respectively. That is to say, diamond coated
multi-tooth milling tool has the longest service life, which was 8 times, 4.6 times, and 2.5
times than that of the conventional milling tool, multi-tooth milling tool, and DLC coated
multi-tooth milling tool respectively. Our study shows, based on the manufacturing cost of
the small batch production, the price of the diamond coated multi-tooth milling tool was 8.4
times, 1.3 times and 1.2 times than that of the conventional tool, uncoated tool and DLC
coated tool respectively. Therefore, comprehensively considering the cutting performance,
tool life and tool cost, the diamond coated multi-tooth tool may be the first choice for CFRP
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milling tool

< 200pm f # 30pum

A000%

30pm

3000 x
L]

J0 i

— F——

Multi-tooth
milling tool

— e

Diamond coated e L IO0 X
multi-tooth milling
tool

minalion

3um 2000m ; 30uith
i Vool B b o o

3000 x

200pm 30m

300
e

3000 x

200pm A T l'-:,;l:li,nu
' !

Fig. 21. The machined surface of the CFRP workpiece with different tools (VB: 0.1 mm)
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4. Conclusion

In this experiment, the 3D finite element model for the milling of CFRP was developed.
Based on the 3D finite element model, the geometric parameters of the multi-tooth milling
tool were optimized for the interlaminar damage suppression in the milling of CFRP. The
performance of the optimized multi-tooth milling tool and the conventional milling tool was
carried out by the experiments. The main conclusions are given as follows.

1. The left helix angle and the length of the micro tooth in the direction of the chip groove
jointly affects the interlaminar damage. The downward axial force generated by the
left-handed chip groove decreases with the decrease in the left helix. Additionally, when
the effects of the reduced downward axial force offsetting the upward axial force is



reduced, the overall axial force increases. When the left helix angle decreases, the micro
tooth become longer in the direction of the chip groove, the cutting length of the micro
tooth which produces downward axial force increases, further increasing the downward
axial force generated by the left-handed chip groove increase, as a result, the overall axial
force decreased.

2. Compared with the arc section shape chip groove, rectangular section shape groove
produced 17.8% less damage factor. It is related to the axial force direction generated by
the left-handed cutting edge. The direction of the axial force generated by the approximate
rectangular shape left-handed cutting edge is unchanged, while the direction of the axial
force generated by the arc shape left-handed cutting edge is changed. The approximate
rectangular shape left-handed cutting edge can effectively offset the axial force generated
by the right-handed cutting edge, which can produce smaller overall axial force, resulting
in less interlaminar damage.

3. There was no obvious difference in the interlaminar damage between the different rake
angles and clearance angles. However, the wear resistance and sharpness of the micro tooth
should be taken into consideration when selecting the rake angle and clearance angle of the
micro tooth.

4. The right-handed helix grooves plays a major role in milling, and the wear 1s more serious
than the left-handed chip grooves. Comprehensively considering the cutting performance,
tool life and tool cost, the diamond coated tool is the first choice for CFRP milling
comparing with the uncoated tool and DLC coated tool.
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