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Abstract: Carbon fiber reinforced plastics (CFRP) have good physical properties, such as high specific
strength and high specific modulus. However, cutting delamination, tearing and burr, etc. often
occur in the machining process of CFRP, which results in the uncontrollability of machining surface
quality and serious tool wear. In this paper, milling of CFRP with a staggered cutter was carried
out, the cutting-edge radius was investigated in order to characterize the tool wear; the effect of
the cutting-edge wear radius on the milling force and surface quality was found, and the formation
mechanisms of the 3D surface topography and surface defects were analyzed under the wear state.
Experimental results showed that the wear of the staggered PCD cutter was mainly concentrated
in the cutting-edge area. With the increase in milling length, the radius of cutting edge gradually
became largeer under the action of abrasive wear mechanism, and the flank wear was not obvious.
With the intension of tool wear, milling force gradually increased and the machining surface quality
of the CFRP deteriorated distinctly, i.e., defects such as bare fiber fracture, groove and hole appeared,
and burrs were gradually generated on the workpiece surface. Finally, through a comparative
analysis of cutting performance, it was found that the staggered PCD cutter possessed better
performance for wear resistance and burr suppression than the straight-teeth cutter. This finding
can provide theoretical and technical support for improving the machining quality of carbon fiber
composite materials.
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1. Introduction

Carbon fiber reinforced plastic (CFRP) is widely used in such fields as aviation equipment, space
vehicles, new weapons, etc. due to its excellent physical properties, such as high specific strength,
high specific modulus and fatigue resistance, etc. [1,2]. However, with higher and higher demand for
the processing and assembly of high-modulus CFRP in the industrial field, the problem of cutting
CFRP becomes increasingly salient. For instance, the control of such defects as cutting delamination,
tearing and burr etc. [3], and the improvement of tool durability, have become key limitations in the
application of high-quality machining technology of CFRP materials.

A great deal of research on the cutting technology of CFRP has been carried out by scholars at
home and abroad. Hintze et al. [4] investigated the occurrence reasons and extension law of cutting
delamination through an experiment in which CFRP was milled using a two-flute PCD cutter, and the
results showed that the delamination was highly dependent on the fiber orientation and tool edge
sharpness. Moreover, the occurrence zone, diffusion zone and non-diffusion zone of defects were
divided. Karpat et al. [5] used two different PCD cutters to mill unidirectional CFRP in tests, based
on which the milling force prediction model was established, and the influence law of milling force
on machining surface quality was obtained. Khairusshima et al. [6] studied the tool wear forms
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under various cooling conditions, and the results indicated that air cooling conditions can effectively
minimize the heat generated in processing and the area of the tool wear zone, and prolong tool life.
Colak et al. [7] carried out the experiment of milling CFRP using tools coated with diamond, and found
that smaller milling forces and greater machining surface quality is satisfactory under the high-speed
and low-feed cutting conditions. Gao et al. [8] established a 3D finite element model for cutting
unidirectional CFRP, and the simulation results showed that fiber orientation angle, cutting depth and
cutting speed are the main influential factors of milling force and surface roughness. Chibane et al. [9]
conducted an experimental study on milling CFRP with a PCD cutter, and established the milling
parameter optimization model for machining surface quality. Haddad et al. [10,11] carried out a test
in which milling of CFRP was performed with a coated carbide tool, and investigated the influential
mechanism of cutting parameters on cutting force, cutting temperature and machining surface quality.
Meanwhile, the finite element method was used to predict cutting force and surface roughness.
Davim et al. [12-16] conducted relative studies on the machining performance of the composites and
optimization of cutting parameters.

In conclusion, the current research on milling CFRP mainly focuses on the cutting mechanism
and machining surface quality [17-20], and cutting tools are mostly straight-teeth PCD or coated
with carbide diamond [21,22]. Compared with the straight-teeth tools, staggered cutters have the
advantages of reducing cutting resistance and restraining burr formation through bidirectional
alternate inclination angle structure in the process of cutting CFRP, which has attracted significant
attention from researchers [23]. Thus, in this paper the experiment of milling CFRP with staggered PCD
cutters was carried out, and the wear extension law of PCD cutters and the influential mechanism of
tool wear on machining surface quality was studied. Finally, the cutting performance of straight-teeth
and staggered PCD cutters is compared and analyzed.

2. Experimental Design

In order to study the wear mechanism of staggered PCD cutters and the effect of tool wear on the
machining surface quality of CFRP, a side milling test of CFRP was designed in this paper. The test was
conducted on the three-axis milling machine VDL-1000E, Direct CNC, Dinnington, UK, CRFP T700
was selected as the workpiece material, it was 3.5 mm thick, and its main performance and structural
parameters are shown in Tables 1 and 2, respectively. The test system is shown in Figure 1, in which
the cutting edge of the staggered PCD cutter had an inclination angle of 5°, while the inclination angle
of its adjacent cutting edge was in the opposite direction, and staggered along the circumferential
direction of the tool.

Table 1. The performance parameters of T700 carbon fiber.

Filament Filament Longitudinal Transversal Shear Eloneation Densit
Diameter Radius  Young Modulus Young Modulus Modulus 8 y
12000 7 um 142 GPa 8.4 GPa 3.8 GPa 2.11% 1.8 g/cm3

Table 2. The structural parameters of carbon fiber reinforced plastic (CFRP).

Carbon Fiber Reinforcing . . e e
Ply Sequences Volume Fraction Material Matrix Material Specification (mm)
0°/45°/135°/90° 60 £+ 5% T700 AG-80 epoxy resin 300 x 150 x 3.5

In terms of the milling parameters, the milling speed was 150 m/min, the feed per tooth
was 0.02 mm/z, and the cutting width was 1 mm. The staggered and straight-teeth PCD cutters
were used sequentially for the cutting test. In order to study the effect of tool wear on machining
surface quality, both cutter and workpiece were examined after milling every 3 m until obvious burr
defects appeared in the machining surface, so that the wear topography and surface quality could be
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detected. The tool wear and burr defects were detected by the extended depth of field microscope
VHX-1000 and scanning electron microscope, while the surface morphology of CFRP was measured
by white-light interferometer TalySurf CCI, Taylor Hobson, Leicester, UK, and scanning electron
microscope FEI Sirion 200.
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Figure 1. Test system: (a) test layout; (b) cutting tool and workpiece.

3. Results and Discussion

3.1. Tool Wear

Figure 2 shows the tool wear topography of milling 84-meter CFRP with a staggered PCD cutter.
It can be seen from Figure 2 that the wear of the staggered PCD cutter was mainly concentrated on the
cutting edge, its main form was blunt wear, and rake and flank wear were not obvious. Nonetheless,
the cutting-edge wear of the staggered PCD cutter was obviously uneven in an approximately circular
arc. That is, it was relatively small in the contact zone with the upper and lower surfaces of the
workpiece, while it was larger in the contact area with the middle of the workpiece. For an accurate
measurement of the worn cutting-edge radius, the extended depth of field microscope was used to
obtain the cross-section contour of the cutting edge, which is shown in Figure 3. In order to study
the variation law of the cutting-edge wear due to various milling lengths, the maximum cutting-edge
radius Rmax was introduced to characterize the edge wear.
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Figure 2. Flank wear topography of staggered PCD cutter after milling 84 m.
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Figure 3. Measurement of cutting edge radius Rmax.

Figure 4 shows the variation law of the maximum cutting-edge radius Rmax due to variations
in milling length L, in which the initial cutting-edge radius was 20 pm. The tool wore rapidly with
an increase of milling length; the cutting-edge material was removed and the sharp cutting edge
became obtuse-circular, which resulted in the increase in the cutting-edge radius. The Rpmax reached
57 pym when the milling length was 21m. Afterwards, the tool wear began to slow down, thus the
Rmax fell into 57-70 um, and its increase was not clear. However, when the milling length was more
than 72 m, the Rimax increased more, reaching 76 pm when the milling length was 81 m. Nonetheless,
the cutting-edge topography was still good, and defects such as obvious tipping and grooves did not
occur. Through further EDS analysis of the wear area, obvious signs of adhesive, oxidation or diffusion
wear were not found. It was concluded from the wear zone topography and wear curve characteristics
that the main wear mechanism of the staggered PCD cutter is abrasive wear.
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Figure 4. Tool wear law and mechanism: (a) Variation law of Rmax due to various milling length;
(b) EDS analysis of the wear area, when the milling length is 81m.

3.2. Effects of Tool Wear on Milling Force

Figure 5 shows the cutting force curves of the staggered PCD cutter under wear conditions.
It can be seen that all the milling forces in three directions increased with increasing milling length.
Among them, the main milling force increased most obviously, while the axial force varied the least.
This is because the increase of cutting edge wear radius caused a decrease in the rake angle, resulting in
aggravation of cutting deformation, and thus the main cutting force increased significantly. However,
the cutting-edge wear worsened the extrusion and ploughing of the workpiece, which resulted in
a minor increase in the axial force and radial force. The milling force curves can obviously be divided
into three stages, corresponding to the tool wear state. In the first stage, when the milling length was
less than 21 m, the cutting-edge radius Ryax increased quickly with the increase in milling length,
and the milling force increased obviously. In the second stage, when the milling length ranged from
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21 to 72 m, the Rmax increased slowly, and the milling force in each direction changed gently. Moreover,
when the milling length was over 51 m, the main milling force increased more obviously than the
other two forces, and burrs began to appear on the workpiece surface, and their length and density
increased with the intension of tool wear. In the third stage, when the milling length ranged from
72 to 100 m, the cutting edge became obviously blunt, a large number of burrs were generated on both
upper and lower surfaces of the workpiece, and the milling force in each direction increased obviously.
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Figure 5. The milling force curves of staggered PCD cutter due to variations in milling length.

3.3. Effects of Tool Wear on Machining Surface Topography

The anisotropy of CFRP makes it easy to cause problems after machining, such as fiber fracture,
fiber exposure or fall off, fiber pulling out from the matrix, debonding and delamination etc. Figure 6
shows the surface topography of the workpiece machined by the staggered PCD cutter under various
wear conditions.
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Figure 6. The surface topography of CFRP under various wear conditions: (a) 3D machining surface
topography (L: 3 m, Rmax: 23 um); (b) 3D machining surface topography (L: 51 m, Rmax: 61 um);
(c) 2D contour (L: 3 m, Rpax: 23 um); (d) 2D contour (L: 51 m, Ryax: 61 um).
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It can be seen from Figure 6a that, when the milling length was 3 m, there was no obvious wear
on the cutting edge, the machining surface was relatively smooth in the fiber layer region of 45° and
135°, a tiny groove appeared in the fiber layer region of 0°, and a few fiber bundles protruded from the
fiber layer region of 90°. A corresponding 2D contour of the surface topography was further extracted,
shown in Figure 6¢. The fact that the overall contour curve fluctuated within £2 pm indicated that the
machining surface quality was relatively satisfactory. It can be learned from Figure 6b that, when the
milling length was 51 m, the cutting-edge radius reached 61pm and the machining surface was still
relatively smooth in the fiber layer region of 45° and 135°, while the local fiber bundles protruded
and pulled apart in the fiber layer region of 0°, and fiber bundles were pulled out so seriously as to
cause hole defects in the fiber layer region of 90°. Its 2D contour was extracted, as shown in Figure 6d,
from which it can be seen that the hole depth was up to 52 um, and that the machining surface quality
deteriorated gradually.

In order to further analyze the effects of tool wear on machining surface quality, SEM was used
to test the machining surface. Figure 7 displays the SEM topography of the machining surface in
various wear states. It can be learned from analysis that the fiber fracture topographies with obvious
differences and the area coated with resin appeared on the machining surface with the extension of
cutting edge wear zone. As shown in Figure 7a, when the cutting-edge radius was 23 pm, the cutting
edge was relatively sharp, residual resin was not found and the fiber fracture was even on the
machining surface, and the machining surface topography was better. It can be seen from Figure 7b
that, when the cutting-edge radius Rimax increased to 61 um, the CFRP breakage form tended towards
fiber bundle extrusion, some fiber particles did not fall off, and the fiber fracture became gradually
irregular. In addition, the milling temperature increment heated and softened the resin materials,
and to some extent the machining surface was coated with resin under the ironing effect of the cutting
tool. The machining surface was composed of irregular fiber fracture and partial resin backfill, and thus
the surface quality dropped obviously. Figure 7c shows that when the cutting-edge radius further
increased to 76 pm, the expansion of fiber bundle extrusion and resin backfill resulted in adhesive
fiber particles being coated with resin. Thus, the fiber bundles were pulled out or fell off from the
matrix for the effect of strong scraping, and such defects as fiber fracture exposure, groove and hole,
etc., appeared clearly.

()

Figure 7. Surface SEM image of CFRP in various wear states: (a) L: 3 m, Rpax: 23 pm; (b) L: 51 m,
Rmax: 61 um; () L: 81 m, Rpax: 76 um.

3.4. Burr Formation on the Workpiece Surface

Figure 8 shows burr formation on the machined workpiece surface when milling CFRP with the
staggered PCD cutter. In the initial stage of tool wear, the machining surface quality was better, and no
obvious burrs were found. With the increase in milling length, only minimal shorter burrs appeared
on the upper edge of workpiece surface when the cutting-edge radius reached 61 um. Afterwards,
with the accumulation of cutting edge wear, the section of the cutting edge in contact with the upper
edge of the workpiece surface became obviously blunt; thus, even inclination-angle cutting could not
effectively cut off the burrs on the workpiece surface edge. Moreover, the length and density of burrs
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increased gradually. When the cutting-edge radius reached 76 um, a large range of burrs appeared on
the upper and lower surfaces of the machined workpiece, and almost covering the entire edges of the
upper and lower surfaces.

Figure 8. Burr formation on the machined workpiece surface: A-upper surface B-lower surface.

4. Comparison of Cutting Performance between Two Different PCD Cutters

Figure 9 shows the comparison of machining surface quality between the staggered PCD cutter
and the straight-teeth PCD cutter in milling CFRP. It can be learned from Figure 9 that in the state
of no tool wear, compared with the staggered PCD cutter, the straight-teeth PCD cutter produced
better machining surface roughness, and the surface topography was more regular and smoother.
With an increase of the cutting-edge radius, the surface roughness Sa of the staggered PCD cutter varied
slightly, while the Sa of the straight-teeth PCD cutter increased significantly. When the cutting-edge
radius reached 38 um, the surface roughness of the straight-teeth PCD cutter exceeded that of the
staggered PCD cutter, and with the accumulation of cutting edge wear, the gap of surface roughness
between the two PCD cutters widened increasingly. When the cutting-edge radius reached 61 um,
a certain number of burrs appeared on the machining surface of the straight-teeth PCD cutter. However,
in the same wear condition, only a few burrs occurred on that of the staggered PCD cutter; the reason
for this is that the cutting edge of the staggered PCD cutter has an alternate sinistral-dextral inclination
angle structure. Thus, in the machining process, both the upper and lower surfaces of the workpiece
can bear alternately sinistral-downward and dextral-upward cutting forces, which puts a more even
and stable stress on the fiber layer. In addition, in the inclination-angle cutting condition, the fiber
layer on the upper and lower surfaces of the workpiece is more likely to be cut off, so that the burrs on
both of the surfaces can be effectively suppressed.
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Figure 9. Comparison of the surface quality between the two PCD cutters.

Figure 10 shows the comparison of the wear morphologies between the two PCD cutters after
milling CFRP 60 m long. It can be learned from Figure 10 that the cutting-edge wear degree of the
staggered PCD cutter was obviously smaller than that of the straight-teeth PCD cutter. By comparison
of cutting forces without the tool wear, the main cutting force of the staggered PCD cutter increased by
26.4%, while that of the straight-teeth PCD cutter increased by 41.6%. Moreover, for the staggered PCD
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cutter, burrs were mainly concentrated on the upper machining surface, while for the straight-teeth
PCD cutter, a large number of burrs existed on both the upper and lower machining surfaces. This is
because, in the cutting process with the staggered PCD cutter, the effect of the inclination angle
and axial rake angle increased the contact edge length of the cutter and workpiece, and thus the
load on the unit cutting edge decreased so that the cutting got brisker. Meanwhile, compared with
the linear contact of the straight-teeth PCD cutter, the staggered PCD cutter formed point contact,
which resulted in the periodical variation of the edge length during cutting in and out. The cutting edge
of the staggered PCD cutter was involved in cutting alternately, so that the instantaneous resistance
decreased obviously and the cutting was more stable, and thus the rate of tool wear slowed down.
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Figure 10. Comparison of the wear morphologies between the two PCD cutters: (a) staggered PCD
cutter; (b) straight-teeth PCD cutter.

5. Conclusions

1.  The wear zone of the staggered PCD cutter is mainly concentrated on the cutting edge, so the
cutting-edge wear radius is introduced to characterize tool wear. With the increase of the
cutting length, both the cutting-edge radius and the milling force increase gradually as effect
of the abrasive wear mechanism. Nonetheless, the main cutting force increases most obviously,
while the axial force varies relatively little.

2. There are obvious differences in the machining surface topography in all fiber layer regions. Fiber
bundles pulling out and forming hole defects first occurs in the fiber layer region of 90°, tiny
grooves mostly appear in the fiber layer region of 0°, and the machining surfaces in the fiber layer
regions of 45° and 135° are smoother. In addition, with an increase of milling length, the surface
topography in all fiber layer regions gradually gets more complex.

3. The types of surface defect change obviously as the tool wear proceeds. When the wear degree
of the cutting edge is small, the fiber fracture of the surface machined with the staggered PCD
cutter is relatively flat. With the intension of the cutting-edge wear, the fiber fracture topography
becomes irregular, the resin coating and backfill occur locally, and defects such as fiber bundle
exposure, and grooves and holes appear; thus, the surface topography deteriorates gradually.

4. Compared with the straight-teeth PCD cutter, the cutting edge of the staggered PCD milling
cutter can form a sinistral-dextral inclination angle structure, which can make the workpiece bear
two-way forces, inhibit delamination defects, and improve the cutting conditions, while the
inclined cutting edge can increase the contact area between the tool and the workpiece,
reduce the load on the unit cutting edge, and prolong the tool life. Thus, the staggered PCD
cutter shows better cutting performance, and its wear resistance and machining quality have
improved significantly.
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