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Abstract: Several challenges arise during edge trimming of carbon fibre-reinforced polymer (CFRP)
composites, such as the formation of machining-induced burrs and delamination. In a recent de-
velopment, appropriate-quality geometric features in CFRPs can be machined using special cutting
tools and optimised machining parameters. However, these suitable technologies quickly become
inappropriate due to the accelerated tool wear. Therefore, the main aim of our research was to find a
novel solution for maintaining the machined edge quality even if the tool condition changed signif-
icantly. We developed a novel mechanical edge-trimming technology inspired by wobble milling,
i.e., the composite plate compression is governed by the proper tool tilting. The effectiveness of the
novel technology was tested through mechanical machining experiments and compared with that of
conventional edge-trimming technology. Furthermore, the influences of the tool tilting angle and the
permanent chamfer size on the burr characteristics were also investigated. A one-fluted solid carbide
end mill with a helix angle of 0° was applied for the experiments. The machined edges were examined
trough stereomicroscopy and scanning electron microscopy. The images were evaluated through
digital image processing. Our results show that multi-axis edge-trimming technology produces less
extensive machining-induced burrs than conventional edge trimming by an average of 50%. Fur-
thermore, we found that the tool tilting angle has a significant impact on burr size, while permanent
chamfer does not influence it. These findings suggest that multi-axis edge trimming offers a strong
alternative to conventional methods, especially when using end-of-life cutting tools, and highlight
the importance of selecting the optimal tool tilting angle to minimize machining-induced burrs.
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1. Introduction

Carbon fibre-reinforced polymer (CFRP) composites are widely applied and will be
spread further in high-end industries such as the aerospace and automobile industries,
mainly due to their easy-to-shape behaviour and excellent specific mechanical properties [1].
Although these fibrous composites are often manufactured almost ready to shape using
automated composite manufacturing technologies [2], complex geometric features (i.e.,
difficult to mould and laminate) are often post-manufactured by mechanical machining
technologies such as drilling or edge trimming [3]. CFRPs are considered to be difficult-to-
cut materials mainly because the carbon fibre reinforcements have high resistance against
cutting and can easily be buckled, resulting in accelerated tool wear and burrs, and have
significant abrasive wear effects on the cutting tool, resulting in more machining-induced
geometrical defects (delamination, burrs, fibre pull-out, matrix burning, etc.). Furthermore,
the process planning and optimisation of the machining technology and the prediction
of quality are challenging because of the inhomogeneity and anisotropy of the CFRP
composites [4].
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A considerable extent of machining-induced burrs is risky and not allowed because of
the dimensional distortion of the part edge, assembly challenges and the potential for the
burr to serve as a starting point for further damage propagation [5]. David et al. [6] pointed
out that the costs associated with removing burrs in the aerospace industry can be up to
30% of manufacturing costs. Therefore, this study focussed on the analysis and suppression
of such machining-induced burrs. Although the ISO 13715:2017 standard defines burr
height as a characteristic of machining-induced burrs on the machined edges of metallic
parts, this approach often cannot be implemented directly for the proper characterisation
of burrs in fibrous composites. Researchers apply numerous parameters (e.g., burr height,
burr width, burr factor and contour burr factor) describing burrs in fibrous composites,
depending mainly on the analysed geometrical feature and related application [7-9].

Edges of high-end CFRP composite parts that will later be assembled must often be
machined to meet strict dimensional requirements without burrs [10]. Mechanical edge
trimming is one of the most common machining technologies applied to CFRPs [10-12].
Although considerable efforts have been made in the technology improvement and optimi-
sation of non-traditional edge-trimming technologies such as abrasive water jet cutting [13],
laser beam cutting [14], electro-discharge machining [15], laser scored machining [16] etc.,
numerous difficulties still arise during their industrial implementation. Conventional
mechanical edge trimming (i.e., the axis of the end mill is parallel to the machined surface)
using advanced end mill geometries (e.g., the compression end mill and the honeycomb
end mill) is easy to implement and can produce excellent quality edges on CFRPs until the
accelerated tool wear significantly changes the tool condition (i.e., increases the cutting
edge radius—CER) and results in inappropriate chip removal [17].

Su et al. [18] conducted experiments with conventional mechanical edge trimming
of CFRPs and found that the depth of the cut has a significant effect on chip formation.
Schornik et al. [19] conducted edge-trimming experiments with CFRPs and investigated
the influence of the cutting conditions on the quality of the machined surfaces. They
determined that the optimal feed rate for the given cutting speed (502.4 m/min) was
200 mm/min. Pecat et al. [20] investigated the influence of milling process parameters
on the surface integrity of CFRPs. They found that, regarding the fibre orientation, a
smooth surface was found for milling at fibre cutting angles (O—the angle between the
cutting speed and fibre direction) of 0° and +45°; however, at —45° and 90°, some of the
micrographs showed severe damage in the form of cracks and segmentation. Yashiro
et al. [21] investigated the temperatures of the cutting tool and machined surface layer
in the milling of CFRPs. Based on their experiments, the measured temperature at the
tool-workpiece contact point reached 180 °C at a cutting speed of 25 m/min and then
exceeded the glass-transition temperature at a cutting speed higher than 50 m/min. The
researchers agreed that the fibre cutting angle plays an essential role in chip removal and
defect formation mechanisms, as do the cutting strategy (i.e., up or down milling) and
cutting edge condition (cutting edge radius, rake angle, friction properties, etc.). Geier [22]
conducted up and down milling experiments in unidirectional CFRP, investigating how the
cutting direction affects the cutting force. He found that the smallest cutting force occurred
at a fibre cutting angle of 120°, as was also found by Liu et al. [23]. Zhang et al. [24] studied
the high-speed up and down milling of unidirectional CFRP material with varied fibre
orientation angles. They concluded that the cutting speed has a significant impact on the
milling force during the machining of unidirectional CFRP composites. Zhenyuan et al. [25]
experimentally analysed the effects of temperature on the milling of multi-directional CFRP
composites, and the mechanism for cutting laminated layers with different fibre orientations
was revealed under different temperatures. They concluded that jetting cryogenic nitrogen
gas at different distances is an effective way to control the cutting-area temperature in end
milling of CFRP composites. The temperature drops from 135 °C without coolant to as low
as —50 °C by applying the cooling gas at a close distance. Additionally, the temperatures
generally reach a similar level as long as the cooling operations are conducted at the same
distance. Li et al. [26] proposed a new cutting force control method called “cutting width
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discretization” based on the effect of effective cutting-edge length on the material removal
process when cutting CFRP laminates with a ball-end milling cutter. Based on the new
cutting force control method, they concluded that the milling force of the ball-end milling
cutter for CFRP laminates can be reduced by reasonably reducing the volume of cutting
material per tooth.

Considerable efforts have been made in the investigation of slot-milling-induced burrs
in CFRPs. The experiences gained through slot milling can be adapted to the development
of edge-trimming technologies; thus, these experiences are worth considering. Jamal
et al. [27] investigated the cutting forces occurring during slot milling. It was found that
damage caused by machining was greatest when the resulting shear force was sufficiently
large compared to the strength of the transverse reinforcing fibres. El-Hofy et al. [28]
investigated the temperature of the tool during slot milling. Their research revealed that the
highest temperature occurred at a fibre cutting angle of 45°. Ziyang et al. [29] studied the
milling force and surface quality during slot milling. They found that an increase in the tool
rake angle has no obvious effect on surface roughness. However, the surface roughness is
affected by the equivalent cutting area because the material-removal mechanism and failure
form are different for different equivalent cutting areas. Haifeng et al. [30] developed a
prediction model for the milling of multi-directional CFRP laminate. The model considers
the effects of instantaneous uncut chip thickness, fibre cutting angle, spindle speed and
axial depth of cut. They found that the unidirectional CFRP laminate milling force model
could be successfully extended to the prediction of multidirectional CFRP laminate milling
force by superposition theory. Experiments proved that the predicted results were in good
agreement with the experimental results.

Multi-energy field-assisted machining is a new and emerging machining technology
that uses multiple energy sources to improve material removal processes. The technique
involves the combined use of several types of energy (electrical, magnetic, ultrasonic,
etc.) to increase machining efficiency or machining accuracy [31,32]. For example, Zheng
et al. [33] focused on optimising the laser parameters during CFRP machining. They
concluded in their research that issues such as fibre pull-out and interlayer delamination
occur during processing due to the anisotropic and complex structure of CFRPs. In their
future research, they will focus on more intelligent laser cutting systems to achieve high-
quality, high-efficiency CFRP processing.

The cutting conditions during edge trimming can be improved not only by using
advanced tool geometries, optimised process parameters, energy field-assisted technologies
and cooling [34-39] but also by effective tool motion [40,41]. Conventional tool motion can
be complemented by the appropriate manipulation of a tool’s tilting angle. Although the
tilting of the tool is currently costly to implement in the industry (it requires control of five
independent axes of machine tools or industrial robots), a few attempts have already been
made to investigate the influence of the tool tilting on the machining-induced geometrical
defects in CFRPs. Hosokawa et al. [42] conducted edge-trimming experiments in CFRP
with a high-helix end mill and tool tilting. They found that the proper tool tilting (i.e.,
tilting such that the resultant cutting force acted parallel to the composite surface) resulted
in reduced tool wear and improved surface integrity. Schulze et al. [43] machined the
CFRP composite with wobble milling technology. This technology enables the machining
of the workpiece’s top layers, with the resulting process force vector being significantly
directed toward the centre of the workpiece. Schulze et al. [44] compared several hole
machining technologies in their research, including wobble milling. They found that
wobble milling resulted in the least damage during the machining. Hintze et al., in their
work [45], developed a three-dimensional description of the geometrical and kinematic
relationships involved in wobble milling. Based on their research, it can be concluded
that fibre protrusion can be avoided if the cutting speed is at least partially directed in the
following direction in the plane of the plywood and if the cutting edge is partly above the
fibre to be cut. Pereszlai et al. [46] investigated wobble milling using three types of cutting
tools. They found that the tool type has a significant effect on the burr factor. Compared
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with other hole machining technologies, all of the analysed tools produced better-quality
holes when wobble milling was used than when conventional or helical milling was used.

Reflecting on the above-discussed deficiencies and challenges of mechanical edge
trimming of CFRPs, the main aim of the present study is to develop a novel strategy to
minimise edge-trimming-induced burrs on the machined edges of CFRP plates. Therefore,
we developed a complex, tilted edge trimming technology (i.e., multi-axis technology),
presented in Section 2. The novel technology was tested through machining experiments
and compared with conventional edge trimming, as described in Section 3. Finally, the
experimental results are presented and discussed in Section 4.

2. Description of the Novel Multi-Axis Edge-Trimming Technology

The novel edge-trimming technology is inspired by five-axis wobble milling technol-
ogy that is capable of excellent-quality hole machining in fibrous composites [46]. The
main advantage of wobble milling lies in the proper control of the cutting force, resulting
in a compression effect and thus in the minimisation of machining-induced geometrical
defects. We adapted this advanced hole-machining technology to edge trimming by the
linear expansion of wobble milling. Considering that the cutting force is controlled mainly
by the tool inclination (i.e., tool tilting) in the proposed novel technology, conventional
milling tools should also be able to produce suitable-quality machined surfaces on CFRPs,
not only advanced (i.e., expensive) end mills such as honeycomb end mills. In addition,
we expect that the quality of the machined edges is more easily maintainable even with
accelerated tool wear if the layers are properly compressed by the novel technology.

The developed multi-axis edge trimming operation is constructed as follows. In the
first step, the conventional tool machines a (¢ + 4, (mm) x ¢ (°)) chamfer on one side of the
CFRP composite edge, as illustrated in Figure 1a. In the first step, the technology removes
area I (triangle AEB), which is shown in Figure 2. Although this cutting movement does not
require a five-axis interpolation, the positioning of the cutting tool requires rotating axes.
Figure 1d illustrates that the cutting force compresses the top CFRP layers while the tilted
tool machines the chamfer because the radial cutting force component is perpendicular to
the chamfer surface. As long the cutting force compresses the outer fibres to the inner CFRP
layers, the outer fibres are mechanically supported against buckling, resulting in a proper
cut. This compression effect is advantageous from the point of view of machining-induced
burr and delamination formation. Furthermore, the chip cross-section at the final edge
geometry is negligible; thus, the probability of chip-cross-section-dependent burr and
delamination formation is expected to be low as well. Then, the first step is repeated at the
other side of the CFRP composite plate (Figure 1b) to prepare a symmetrical CFRP plate
for the finishing movement. In the second step, the technology removes area II (triangle
A’E’B’), as shown in Figure 2. This figure shows that the novel technology has to remove
three areas of rest material (I, II and III), and the first and second steps’ area of rest material
is identical. Finally, the rest of the material (area IlI, i.e., quadrilateral BDD’B’ in Figure 2) is
removed by the cutting tool as it is tilted perpendicularly relative to the normal (1) of the
surface of the final machined CFRP edge (Figure 1c).

The algorithm of the developed edge trimming technology is shown in Figure 3,
supporting the implementation of the main steps of the developed multi-axis edge trimming
operation. Considering that the presented algorithm is independent of the CNC controller
and kinematics of the machine tool, a five-axis indexing operation is required before each
feed movement to provide the required tool positions. However, based on the nominal
position of the tool axis and the orientation of the CFRP plate, the coefficients of the indexing
in the real environment have to be determined, respectively.

The developed multi-axis technology was compared with a conventional milling
technology. Conventional technology removes the rest material in a single step and does
not favourably compress the edge of CFRP composites. The applied conventional edge-
trimming technology is illustrated in Figure 4.
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Figure 1. Illustration of the main steps of the novel edge-trimming technology: (a) chamfer machining
on one of the edges; (b) chamfer machining on the other side of the plate, (c) the finishing step of the
multi-axis technology and (d) an illustration of the compression effect, where a, is the cutting width
in the final step, 4, denotes the cutting width of the tilting steps, vf is the feed rate, ¢ is the tool tilting
angle, 1 is the spindle speed, c is the permanent chamfer size, 1 is the normal of the final machined
CFRP edge surface, G is the global coordinate system fixed to the machine tool and L is the local
coordinate system fixed to the end mill.

m s—2'm

Figure 2. [llustration of a cross section of the multi-axis technology, where the area I is removed first,
followed by the area II and the area III respectively.
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Figure 3. The algorithm of the developed multi-axis mechanical edge-trimming technology, where v,
denotes the cutting speed, vy is the feed rate, D is the tool diameter, 4, is the width of the cut, ¢; is the
tool tilting angle for the ith cutting step and i is a running parameter.
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Figure 4. (a) Illustration of conventional machining technology, where 4, denotes the cutting width,
vf is the feed rate, 1 is the spindle speed, n is the normal of the final machined CFRP edge surface, G
is the global coordinate system and L is the local coordinate system; (b) illustration of allowance plan.

3. Experimental Setups and Methods
3.1. Materials, Tools and Equipment

Experiments in mechanical edge trimming were performed in unidirectional carbon
fibre-reinforced vinyl ester composites having a nominal plate thickness of 5 mm. The
CFRP plate was purchased from one of our industrial partners, who wishes to remain
anonymous. However, the key material properties of the CFRP plate were measured
and published in Ref. [47]. The purchased composite plate was cut into smaller CFRP
specimens (Figure 5c) having a nominal size of 35 x 22 x 5 mm to meet the requirements of
the applied machining fixture and working-space limitations. The cutting was conducted
on a Mutronic Diadisc 5200 (manufacturer: MUTRONIC Prézisionsgerdtebau GmbH & Co.
KG, city: Rieden, country: Germany) cutting machine.
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(a) Cutting tool

(b) Special fixture

(e) Industrial vacuum
cleaner

(d) Rotary table of the

machine )
(c) CFRP composite plate

Figure 5. Experimental setup: (a) cutting tool, (b) special fixture, (c) CFRP composite plate, (d) rotary
table of the machine tool and (e) industrial vacuum cleaner.

The edge-trimming experiments were conducted on a VHTC—130 LINEAR (manu-
facturer: NCT, city: Budapest, country: Hungary) five-axis machining centre having three
linear axes (X, Y and Z), a rotary table (C axis) and a tilting spindle head (B axis). Therefore,
the composite was fixed to the rotary table, and the spindle head provided the tool tilting
angle of ¢ and permanent chamfer size of c.

A THOMAS 23N1106 (manufacturer: FFDM TIVOLY, city: Bourges, country: France)
uncoated carbide milling tool was applied, having a diameter of 6 mm, a helix angle of 0°
and only one cutting edge (Figure 5a). A special fixture was used to fix the CFRP composite
(Figure 5b). The experiments were carried out under dry conditions. The chips were
evacuated from the cutting zone with a Nilfisk GB733 (manufacturer: Nilfisk A/S, city:
Copenhagen, country: Denmark) industrial vacuum cleaner (Figure 5e) having a rated
power of 1.85 kW and nominal airflow of 86 L/s. The experimental setup can be seen in
Figure 5.

After the milling experiments, we examined the quality of the machined edges of the
CFRP composites with an OLYMPUS SZX16 (manufacturer: Olympus Europa SE & Co. KG,
city: Hamburg, country: Germany) stereomicroscope. We captured the machined edges
from the direction of the normal of the machined edge (vector 7, as illustrated in Figure 1),
with a resolution of 2448 x 1920 pixels and a nominal magnification of 20x . These raw
images were further processed using digital image processing, as presented in Section 3.3.
A Zeiss Evo MA 10 (manufacturer: Carl Zeiss AG, city: Jena, country: Germany) scanning
electron microscope was used to characterise the microgeometry and thereby the quality of
representative machined edges at 100x, 200 x and 2750 x magnification.

3.2. Experimental Design

We designed the mechanical-edge-trimming experiments to evaluate the performance
of the developed multi-axis edge-trimming technology relative to conventional edge trim-
ming. The feed rate (vy), cutting width (a.) and machining strategy (S) were selected as
factors. The factor levels were set using Minitab 21.4.0 software based on the Central
Composite Circumscribed (CCC) design. The feed rate and the cutting width varied across
five levels each, while the manufacturing technology varied across two levels. The exper-
imental factors and levels are summarized in Table 1. In the centre of the factor space,
the experiments were repeated five times to determine the reproducibility characteristics.
To deal with systematic errors, the experiments were performed in a random order. The
spindle speed (n = 6000 rpm, i.e., cutting speed of v, = 113.04 m/min) and the tool tilting
angles (¢1 = 45°, o = —45° and @3 = 90°) were fixed. The orientation of the carbon fibres
was perpendicular to the direction of the feed rate. All individual allowance shapes were
removed in one pass. The tilting cutting width (a.) was equal to the final cutting width (a).

In addition to the experiments presented above (Table 1), we designed another
mechanical-edge-trimming experiment to analyse the multi-axis edge-trimming technology
in more detail. The tool tilting angle (¢) and the permanent chamfer size (c) were selected
as factors and varied systematically according to the CCC design (Table 2). In the centre of
the factor space, the experiments were repeated five times to determine the reproducibility
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characteristics. To deal with systematic errors, the experiments were performed in a ran-
dom order. The spindle speed (n = 6000 rpm, i.e., cutting speed of v, = 113.04 m/min), the
feed rate (vy = 200 mm/min) and the cutting width in the final step (4, = 0.5 mm) were fixed.
The orientation of the carbon fibres was perpendicular to the feed direction. All individual
allowance shapes were removed in one pass. No coolant was used during cutting.

Table 1. Factors and levels to analyse the effects of feed rate, cutting width and manufacturing technology.

Levels
Factors
1 2 3 4 5
Feed rate vf (m/min) 100.000 143.934 250.000 356.066 400.000
Cutting width a, (mm) 0.300 0.343 0.450 0.556 0.600

Manufacturing technology

S() conventional (C) multi-axis (T)

Table 2. Factors and levels to analyse the effects of tool tilting angle and permanent chamfer size.

Levels
Factors
1 2 3 4 5
Tool tilting angle ¢ (°) 10.000 20.251 45.000 69.749 80.000

Permanent chamfer size ¢ (mm) 0.000 0.073 0.250 0.427 0.500

3.3. Applied Methods

The digital images taken with the stereomicroscope were first segmented and inverted;
then, the number of white pixels in the binarized images was counted. Considering that
the machined edges could not be precisely positioned parallel to the horizontal axis of the
microscope, the images had to be rotated. Using the least squares method, we first fitted a
straight line (coloured red in Figure 6) to the white pixels of the binary edge.

y;=m;-x; + b,

<@
L ) L |

Figure 6. Illustration of the maximum burr size, where Ny, ; (-) is the width of the image, L ; (um) is
the average burr length, y; is the equation of a straight line fitted by the method of least squares, m; is
the slope of the fitted line and P denotes the coordinate system fixed to the captured images.

The maximum burr size (L;) metric was inspired by the ISO 13715:2017 standard and
roughness depth (Rz) metric (ISO 4288:1996 standard) used during the surface roughness
evaluation. The distance from the baseline (red colour in Figure 6) was determined in the
positive and negative directions. The absolute value of the minimum was added to the
maximum value to obtain the maximum burr size. The maximum burr size was calculated
as expressed by Equations (1) and (2) and illustrated in Figure 6.

y/Nwh,i,j = (yNwh,i,j - ]/i)' Cos(arctg(mi)) 1)

n

Ly, = %Z(max (y/Nw h,i,]) + ‘min (y,Nwh,i,j> D Sum o

i=1 Spixel
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where L, (um) is the maximum burr size, ynyy i (-) are the “y” coordinates of the white
pixels, ¥'nyn i (-) are the distance between the white pixel and the straight line, y; is the
equation of the straight line, m; is the slope of the fitted (red) line,  is the number of images
taken, s (um) is the scale in um and sy, (pixels) is the scale in pixels.

The specific average edge length (L.) was calculated from the slope (11;) of the fitted
(red) line and the width (N, ;) of the created image based on Equations (3) and (4). Since
three images were taken of each edge, the specific average edge lengths were obtained by
averaging the obtained specific average edge lengths (L.). The compensation is illustrated

in Figure 7.
Nwd,i

L Cwal 3
Yt cos(arctg(m;)) @)
n
N. .
.= 1= Nooni @)
ni= Ly

where L, (-) is the specific average edge length, L, | (-) is the length of the fitted straight line,
Nyp i (<) is the number of white pixels, Ny, ; (-) is the width of the image, m; is the slope of
the fitted (red) line and 7 is the number of images taken. The parameters L, and L, were
both applied to characterise the quality of the machined edges.

Tllustration
of the
interest

Segmenting

Line
fitting

v, - the equation of a straight line fitted

by the method of least squares N

m; - the slope of the fitted line
N,,4; - the width of the image

N, - the number of the white pixels

n - the number of the images taken

Figure 7. Illustration of the compensation, where N, ; is the number of white pixels, Ny, ; is the
width of the image and 7 is the number of images taken.
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4. Results and Discussion

The experimental results of the analysis on the influences of the feed rate, cutting
width and strategy (Table 1) are presented in Section 4.1, and the results of the analysis
on the influences of the tool tilting angle and permanent chamfer size are presented in
Section 4.2, while the findings and outlook are discussed in Section 4.3.

4.1. Influence of the Feed Rate, Cutting Width and Strategy

The experimental runs, factor levels and corresponding calculated response values (L,
and L) are summarised in Table 3. Figure 8 shows the raw (unprocessed) images of the
machined edges. The numerical results in the table and the unprocessed images clearly
indicate that the conventional (C) technology resulted in significantly larger burrs than the
novel multi-axis (T) technology, which is very promising.

Table 3. Experimental runs, factor levels and calculated response values.

Factors Response Values
Experiment Number Feed Rate Cutting Width Strategy S[;Ee;;f;c{::l;rt;ge Maximum Burr Size
No. (-) vy (mm/min) a, (mm) S() L. (-) Ly (um)
1 143.934 0.556 C 1.779 18.929
2 143.934 0.556 T 1.239 10.407
3 250.000 0.450 C 2.195 4.496
4 250.000 0.450 T 1.309 7.986
5 250.000 0.450 C 2.219 24.507
6 250.000 0.450 T 1.617 9.207
7 143.934 0.343 C 2.837 22.729
8 143.934 0.343 T 1.541 3.999
9 100.000 0.450 C 1.584 15.343
10 100.000 0.450 T 1.579 11.379
11 250.000 0.450 C 2.371 28.495
12 250.000 0.450 T 1.503 8.309
13 250.000 0.450 C 2.031 21.538
14 250.000 0.450 T 1.318 14.766
15 250.000 0.600 C 2.189 32.728
16 250.000 0.600 T 1.280 13.242
17 356.066 0.343 C 1.309 16.274
18 356.066 0.343 T 1.289 10.123
19 250.000 0.300 C 1.309 10.431
20 250.000 0.300 T 1.318 8.537
21 250.000 0.450 C 1.373 14.218
22 250.000 0.450 T 1.343 8.335
23 356.066 0.556 C 1.511 25.386
24 356.066 0.556 T 1.381 8.595
25 400.000 0.450 C 1.811 25.420
26 400.000 0.450 T 1.501 14.013

The main effect diagram of the edge-trimming technology is shown in Figure 9. The
expected (nominal) value of the specific edge length of conventionally machined edges
was significantly larger than that of edges machined by the multi-axis technology. The
difference between the two technologies was 0.48. Based on the ANOVA results, the
interaction terms of the machined technology were not significant at a significance level of
0.05, as shown in Table 4(a). The standard deviation was larger in the case of conventionally
machined edges. Considering that the upper and lower layers of the composite plate are
not compressed during conventional milling, the edge quality is expected to be worse than
that of multi-axis edge trimming. The main effect diagram of the maximum burr size is
shown in Figure 9b. It correlates with the main effect diagram of the specific average edge
length. The maximum burr size of the edges machined with multi-axis technology was
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significantly smaller. The difference between the two technologies was 13.818 pm. This
was confirmed by the ANOVA table for maximum burr size (Table 4(b)).

vr= 143.934 mm/min; @, = 0.556mm vr= 250.000 mm/min: @, = 0.450 mm
No. 1 No.2 No.3 No.4

v7= 250.000 mm/min; @, = 0.450 mm vy= 143.934 m/min; a, = 0.343mm
No. 5 No. 6 No. 7 No. 8

v7=100.000 mm/min; a, = 0.450 mm

vy= 250.000 mm/min; @, = 0.450 mm
No.9 No. 10 No. 11 No. 12

vr=250.000 mn/min: a, = 0.450 mm V= 250.000 mn/min; a, = 0.600 mm
No. 13 No. 14 No. 15 No. 16

vr= 356.066 mm/min: a, = 0.343 mm vr= 250.000 mm/min: @, = 0.300 mm
No. 17 No. 18 No. 19 No. 20

V7= 250.000 mn/min; @, = 0.450mm vr= 356.066 mm/min; a, = 0.556 mm
No. 21 No. 22 No. 23 No. 24

200 um

vy=400.000 mm/min; @, =0.450 mm

No. 25 No. 26

Figure 8. Raw images of the machined edges of the CFRP composites, where the C denotes the
conventional and T denotes the multi-axis (tilted) strategy.
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Figure 9. The main effect diagram of the machining technologies: (a) specific average edge length (L)
and (b) maximum burr size (Lj).

Table 4. ANOVA tables for (a) the specific average edge length and (b) the maximum burr size,
where bold entries denote p-values lower than 0.05, indicating that the particular factor has a
significant effect.

(a) (b)
L. () Ly (pm)

Source p-Value Source p-Value
Model 0.063 Model 0.003
Linear 0.014 Linear 0.000
vf (mm /min) 0.241 vy (mm /min) 0.669
a, (mm) 0.936 a, (mm) 0.307
T () 0.002 T(-) 0.000
Square 0.592 Square 0.699
vy (mm/min) - vy (mm/min)  0.641 vf (mm/min) - vy (mm/min)  0.548
a, (mm) - g, (mm) 0.342 a, (mm) - a, (mm) 0.511
2-Way Interaction 0.309 2-Way Interaction 0.457
v (mm/min) - 4, (mm) 0.110 v (mm/min) - 4, (mm) 0.233
vy (mm/min) - T (-) 0.379 vf (mm/min) - T (-) 0.943
ae (mm) - T (-) 0.647 ae (mm) - T (-) 0.290

Figure 10a shows the specific average edge length values of each experimental setting.
Figure 10a shows that the specific average edge length was larger in almost all cases for
edges machined with conventional technology. The largest difference was seen in the
fourth experimental setting, where the difference was 1.296. The second most significant
difference was in the second experimental setting, where the difference was 0.886. As shown
in Figure 10a, slight differences existed in the fifth (0.005), ninth (0.011) and eleventh (0.03)
experimental settings. In the ninth experimental setting, the specific average edge length
was smaller when machining was performed with conventional technology. The possible
reason for this is that the factors set in the ninth trial of machining with conventional
technology approach the ideal machining parameters of conventional technology. More
considerable differences can be seen when the maximum burr size is plotted for each
experimental setting, as depicted in Figure 10b. The only exception was found in the
second experimental setting for the maximum burr size, shown in Figure 10b.
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B Multi-axis

= Conventional

5 6 7 8 9
Number of the experiment (-)

(@)

Maximum burr size (pum)

8
Number of the experiment (-)

(®)

® Multi-axis

______________________________________ m Conyentio:

9 100 11 12 13 14

Figure 10. Red represents the CFRP plate machined by conventional technology, and green represents
the CFRP plate machined by multi-axis technology. (a) The specific average edge length (L) of each
experimental setting. (b) The maximum burr size (L;) of each experimental setting.

As shown in Figure 11a, a decreasing trend can be seen if the specific average edge
length (L) is plotted as a function of feed rate (vy). The specific average edge length achieved
with multi-axis machining technology decreased to a lesser extent than that achieved with
conventional machining technology. This means that we obtained more consistent results
by machining with multi-axis technology. However, the means indicate that the larger
the feed rate, the smaller the value of L,; nonetheless, this effect cannot be considered
significant according to the ANOVA table (Table 4a).

b
=}

W !

R~=O 103

®
D

|
L

Specific average edge length (-)

LO 1 2 566034, + 13664 =
R*%0.0306 ! CON
0.5 |----- F----- e
: : ®MULTI
0.0 ‘ /
100 200 300 400
Feed rate (mm/min)
(@

35 ------ R et ®CON
| . I
30L —00168\ +15.839 O®MULTI
) R~=003*0 ;
3 \
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E F*- e
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100 200 300 400
Feed rate (mm/min)
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Figure 11. (a) Diagram of the specific average edge length (L.) as a function of the feed rate (vp);
(b) diagram of the maximum burr size (L;) as a function of the feed rate (vf).
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As depicted in Figure 12a, a decreasing trend can be seen in the case of edges made
with multi-axis technology, while edges machined with conventional technology show
an increasing trend if the specific average edge length (L,) is plotted as a function of the
cutting width (a,). The specific average edge length of samples machined with multi-axis
technology had a lower absolute slope than that of samples machined with conventional
technology. This means that by using multi-axis technology, we obtained more even results.
Larger differences can be seen when the maximum burr size is plotted as a function of the
cutting width, as shown in Figure 12b. Although the expected values suggested the optimal
conditions, the ANOVA showed that these effects were not significant; thus, a maximal
feed rate is proposed for a greater material removal rate.

3.0 35 Ly=43.244:a,+0.137
~ ® L,=0.4533x,+1.6885 R2=0.2437 o
= e R>=0!0071 30 Ly =13.597:a,+3.7984
B 7 o) E ® R:=0.1642
E . L =25 o -
o0 - - - B> |
k=l = [ ) ZIPN o
() - ...O P .
2 L5 e * - | = .
S 90 e ° < 15 L= o
z 1.0 s r ’
5 L,=—0.309-a,+ 1.5406 g O . =~
2 :309-a,+ 1.2 = 10 :- .— = _.— -
.g 0.5 R?=0.0436 ®CON g ®CON
& : e .
0.0 SMULTI o ®NIULTI
@ 58 03 04 05 0.6
Cutting width (mm) Cutting width (mm)
(a) (b)

Figure 12. (a) Diagram of the specific average edge length (L) as a function of the cutting width (a.);
(b) diagram of the maximum burr size (L;) as a function of the cutting width (a.).

4.2. Influence of the Tool Tilting Angle and Permanent Chamfer Size

The experimental runs, the factor levels and the corresponding calculated response
values (L, and L) are summarised in Table 5. The raw images are illustrated in Figure 13.

Table 5. Experimental runs, factor levels and calculated response values.

Factors Responses
Number of Experiments Tool Tilting Angle Cf\ill:}ael:g?;e SpEe(;;f;CLIZ;;;ge Maximum Burr Size
No (-) ¢ () ¢ (mm) L, (-) Ly (um)
1 143.934 0.556 1.779 18.929
2 143.934 0.556 1.239 10.407
3 250.000 0.450 2.195 4.496
4 250.000 0.450 1.309 7.986
5 250.000 0.450 2.219 24.507
6 250.000 0.450 1.617 9.207
7 143.934 0.343 2.837 22.729
8 143.934 0.343 1.541 3.999
9 100.000 0.450 1.584 15.343
10 100.000 0.450 1.579 11.379
11 250.000 0.450 2.371 28.495
12 250.000 0.450 1.503 8.309
13 250.000 0.450 2.031 21.538
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Permanent chamfer size (mm)

Figure 13. Raw images of the machined edges of the CFRP composites.

The ANOVA tables show a significant influence of the tool tilting angle on L, and Ly;
however, the permanent chamfer size was not relevant at a significance level of 0.05. The
ANOVA tables are provided (Table 6).

Table 6. ANOVA tables for (a) the specific average edge length and (b) the maximum burr size,
where bold entries denote p-values lower than 0.05, indicating that the particular factor has a
significant effect.

(@) (b)
L. () Ly (um)

Source p-Value Source p-Value
Model 0.001 Model 0.005
Linear 0.000 Linear 0.004
9 () 0.000 ¢ (°) 0.001
¢ (mm) 0.246 ¢ (mm) 0.803
Square 0.003 Square 0.010
9C) ) 0.001 9C) 9 0.003
¢ (mm) - ¢ (mm) 0.060 ¢ (mm) - ¢ (mm) 0.382
2-Way Interaction 0.559 2-Way Interaction 0.210
@ (°) - ¢ (mm) 0.559 ¢ (°) - ¢ (mm) 0.210

As depicted in Figure 14a, we fitted a quadratic model to the data points, as this
model’s determination coefficient (0.8661) was significantly larger than the linear model’s
(0.6135). Even larger differences can be seen when the maximum burr size is plotted as a
function of the tool tilting angle, as shown in Figure 14b. The ANOVA (Table 6) showed
that the influence of the tool tilting angle on the machined edge quality was significant. It
can be concluded that there is an optimal tool tilting angle that is beneficial from the point
of view of minimising machining-induced burrs. That tool tilting angle is about 20 degrees.

Although the expected values suggest that larger permanent chamfer sizes are associ-
ated with slightly better-quality machined edges, the ANOVA (Table 6) showed that c did
not have a significant influence on either L;, or L. Thus, the chamfer size is recommended
to be set according to the particular application, which will not significantly influence the
quality of the machined edges.
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Figure 14. (a) Diagram of the specific average edge length (L..) as a function of the tool tilting angle
(¢); (b) diagram of the maximum burr size (L;) as a function of the tool tilting angle (¢).

4.3. Discussion and Outlook

The presented experimental results indicate that the developed multi-axis edge-
trimming technology is more beneficial than the conventional technology from the point of
view of machining-induced burr formation. Although the measured burr sizes were very
small for both technologies and may not make the assembly of such machined composite
parts difficult, small burrs also have the potential to become starting locations for delamina-
tion, lowering the resultant load-bearing capacity [5]. Therefore, the minimisation of burr
formation is essential. Furthermore, it has to be highlighted that the condition of the cutting
tool applied in this study was fresh (i.e., not worn due to the minimal length of machining);
thus, the burr was not as considerable even in the case of the conventional technology.
However, if the tool condition changes significantly, the increased cutting edge radius is
expected to result in more burrs in conventional machining [12,38]. Considering that the
compression effect of the multi-axis edge trimming technology is expected to allow even a
worn cutting tool to produce high-quality edges on CFRPs, we conducted trials to prove it.
A two-fluted, worn HSS end mill having a diameter of 6 mm and a nominal flank wear of
60 um was applied for the edge-trimming trials. The cutting tool is shown in Figure 15. The
quality of the machined edges was similarly photographed and evaluated through digital
image processing, as presented in Section 3. Figure 16 shows representative segmented im-
ages that clearly indicate that the maximum burr size (830 um) is comparable to the width
of the cut in the case of the conventional technology (Figure 16b); however, it is significantly
smaller (76 um) in the case of the multi-axis technology (Figure 16a). This suggests that the
relevancy of the multi-axis technology comes to the fore if the tool condition significantly
changes. For example, the edge of a composite part may be machined using conventional
edge trimming until the considerable tool wear results in an unaccepted burr size; then, the
technology may be changed to the multi-axis one to maintain a high-quality edge.

We also examined the quality of edges machined by the worn cutting tool using
scanning electron microscopy (SEM). Representative images are shown in Figure 17. The
difference in the machining technology is clearly visible, as the edge and connected surfaces
are smoother and follow the nominal edge geometry in the case of the multi-axis technology.
The higher-magnification images also differ significantly, as the presence of the polymer
matrix differs. The fractured fibres are well supported by the cut matrix when the multi-axis
technology is applied; however, the conventional technology seems to peel off the matrix
from the fibres, resulting in less material continuity and resultant strength. The SEM images
also prove the relevancy of the novel multi-axis technology.
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Figure 15. Microscopic image of the applied worn tool from a radial direction, where v}, (um) is the

nominal flank wear.
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Figure 16. The difference between the two technologies using a worn tool: (a) multi-axis technology

and (b) conventional technology.
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Figure 17. SEM images of edges machined using a low-grade tool and (a) conventional technology or

(b) multi-axis technology.
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The analysed quality parameters (L, and L, from Table 3) were visualized as a scatter
plot to further discuss the findings, as can be seen in Figure 18. This diagram confirms the
achievability of good-quality edges machined by the developed technology because the
resultant points are positioned in two significantly different regions. While the multi-axial
parameters are located in Region B, the conventional ones are located in Region A. These
regions differ in position and size; in particular, the size difference suggests that multi-axis
technology is more controllable than conventional technology, as the quality parameters
are closer to each other than in the case of conventional technology.

200 pm 200 pm |

3.5 p X
0 A L,*0.0162-L,+ 1.4095
g 30 2=0.155
E" R2=0.1554
o 25 \ §
(] I
%L.‘ZO i 'ﬂ?if -]
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1.0
2 B L,=-0.0065-L, + 1.4961
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[72]
0.0
0 5 10 15 20 25 30 35 40

Maximum burr size (um)

Figure 18. Scatter plot of maximum burr size and specific average edge length in the cases of
conventional (CON) and multi-axis (MULTI) technologies.

The quality of the multi-axis-machined edges exceeded that of the conventionally
machined edges in all the selected factor levels; the implementation and optimisation of
this technology are recommended in the future so that it can attract significant industrial
interest. Other significant aspects of the spread of the multi-axis edge-trimming technology
are the material removal rate (MRR) and machining time (¢,,), which need to be discussed.
The ratio of the MRR of the multi-axis technology to that of the conventional technology
can be calculated as expressed by Equations (5)—(8).

MRRyticanis, i _ (i =1)-Ary + Ar+ Au + Ar) -
MRR conventional, i i-Apy-og

Ay = def-s (6)

A= %f8(¢1)'(c+ﬂef>2, A= %f8(¢2)'(c+ﬂef>2 @)

Anp = %a?f-tg(qvl) + %ufﬂg((pz) + (s = 2:48(@)-(c + aef)) g ®)

where MRR,ti-qxis,i is the ith material removal rate of the multi-axis technology;
MRR conventional, i is the ith material removal rate of the conventional technology; Ay is
the area that is removed with the conventional technology (shown in Figure 4b); A; and Ay
are the areas that are removed with the multi-axis technology in the first and second steps,
respectively (area I (triangle AEB) and area II (triangle A’E'B’), as shown in Figure 2); Ay is
the area that is removed with the multi-axis technology in the final step (area III (quadrilat-
eral BDD’B’), as shown in Figure 2); of is the feed rate; ef is the cutting width in the final
step; s is the width of the CFRP plate; ¢ is the tool tilting angle and c is the permanent
chamfer size. If the number of grips is increasing, the MRR of the ratio approaches one, i.e.,
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the greater the number of grips, the closer the MMR of the technologies, as expressed by
Equation (9) and illustrated in Figure 19a.

MRRmultifuxis, i

lim =1 )
ZH"Q]VIRRconventiomzl, i
/G
S
[ — Ay
LT \A
multi-axis
. ——— Ay
~ 110 conventional )
I : ~ | | —— conventional
| o—1
w| = 1.08 < s [IL b
& 8 a| 8
$| S 1.06 5 §
g § T 820
s §l,04 I
oS gl 51s
X 1.02 o | B
< > I &
221.00 Illllu_l_l_l_l_l_l_l_L 1.0
12345678 91011121314151617181920 12345678 91011121314151617181920
Number of grip (-) Number of grip (-)
(a) (b)

Figure 19. Illustration of the influence of the number grips on the (a) ratio of MRR and (b) ratio of

machining time.

As with the MRR, the difference in the machining time of the technologies becomes
smaller as the number of grips increases, as illustrated in Figure 19b. This suggests that the
multi-axis edge trimming technology is even more competitive if the material allowance to
be removed requires more grips.

It is worth highlighting that the three grips of the multi-axis edge trimming technology
cannot be considered conventional roughing, pre-finishing and finishing passes, as the
compression effect of the conventional helical end mill here is not provided. Furthermore,
the feeds investigated were the same for both technologies due to considerations regarding
the design of experiments (DoE). Therefore, the differences in the chip cross-sections could
not be considered in this experimental work. Therefore, the feed rate of the particular
passes must fit the chip cross-sections and aims of particular passes in the future. This may
result in an even higher feed rate in the three passes, significantly increasing the MRR, thus
pushing this technology closer to a higher technology readiness level.

5. Conclusions

The present study introduced a novel multi-axis edge-trimming technology for high-
quality edge trimming of fibrous polymer composites. The efficiency of the novel tech-
nology was experimentally analysed and compared with results from conventional edge
milling. Based on this study, the following conclusions can be drawn.

The study introduced a novel multi-axis edge-trimming technology that is inspired by
the wobble milling of holes in FRPs. The FRP composite edge is machined in three passes
using a conventional end mill. First, chamfers are machined to compress the outer layers
and minimise machining-induced burr formation by a compression effect. The rest of the
material is then removed by conventional helical milling. The final edge of the FRP part is
high-quality even with significantly changed tool conditions.

The ANOVA results show that the edges machined by the multi-axis edge-trimming
technology are significantly better in quality than the edges machined by the conventional
technology. However, neither the permanent chamfer size nor the feed rate nor the cutting
width has a significant influence on the burr characteristics at a significance level of 0.05.
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The ANOVA results prove that the selection of the proper tilting angle is crucial, as
the tool tilting angle has a significant influence on the burr characteristics. The optimal tool
tilting condition was found to be around 22° in this study.

This industrial implementation of the introduced multi-axis edge-trimming technology
requires further research and development in the following areas: (i) increasing the material
removal rate and decreasing the machining time, (ii) determining the trigger value at which
to change from the conventional technology to the multi-axis technology, (iii) conducting a
detailed analysis of the influences of the cutting speed, tool condition and helix angle of
the cutting tool and (iv) determining the minimal curvature to be machined considering
the composite plate’s thickness, the material allowance and the tool geometry.
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