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Abstract

CVD diamond-coated carbide tools could provide an economical alternative for trimming CFRPs components compared
to their PCD tools counterpart. Nevertheless, there are still some technical issues to understand related to wear resis-
tance and surface quality. In this work, a CVD tool with six straight flutes was used to investigate the relationship
between surface roughness, surface damage, tool wear, cutting force and cutting parameters during the high speed
trimming of CFRPs. Statistical techniques for identifying and selecting the best cutting conditions for CVD tool are
developed. In terms of tool wear, results show that the best operational condition to minimize the tool wear is achieved
at lower feed rates and higher cutting speeds. Experimental results show also that a 0° ply orientation represents the
worst case and produces the maximum tool wear. Furthermore, a strong correlation between the feed force and the tool
wear was observed. It was found that the surface roughness decreases as a reciprocal function of cutting length. This
decrease was due to the matrix burning/sticking and the thermal damage related to the low thermal conductivity of
CFRP. In such situation, R, becomes inappropriate indicator for roughness evaluation. On the other hand, it wasn’t seen
any type of delamination or fiber pull-out on the trimmed surface of all coupons for the three tool life tests.
Accordingly, delamination can be avoided using high fixture rigidity, high quality of CFRP laminates, a suitable cutting
tool and stable operational conditions.

Keywords Surface roughness - Surface quality - Tool wear - Cutting force - Regression model - Carbon fiber reinforced polymer
(CFRP)

Introduction

Ever since Carbon fiber reinforced polymers (CFRPs)
were invented over 50 years ago, their use has continued
to increase considerably, especially in aerospace indus-
tries, thanks to their attractive properties, such as their
strength to-weight ratio, damping capacity, durability,
and extreme corrosion resistance.

Machining of CFRPs is different from and more com-
plicated than that of conventional metals and their alloys
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due to the high abrasiveness of the carbon fibers and the
heat sensitivity of CFRP, which makes them difficult to
machine. Further detailed discussions on machining of
composite materials may be found in [1-6].

The chip formation mechanism is different when ma-
chining CFRPs from when metals are machined; a com-
pression shearing or fracture of the fiber reinforcement
and matrix occur in CFRP machining, while a plastic
deformation takes place in metal cutting. The shearing
and fracture of the fibers and matrix of CFRPs generally
produce powder like chips or dust, rather than uniform
chips [7, 8]. The chip formation mechanism requires a
sharp tool with a large positive rake angle. The hardness
and toughness of the cutting tool are necessary to over-
come the abrasiveness of the fibers and the loads which
are produced when fibers fracture. Only a limited range
of tool materials satisfy these conditions. Normally, with
an increase in hardness, the toughness decreases and
vice versa [2, 7].
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Fig. 1 HURON K2X8 CNC machine used for the experiments

Cutting forces play a crucial role in machinability as-
sessment as well as on the quality of machined parts. Due
to the inhomogeneous nature of CFRPs, cutting forces are
fluctuating and periodic. The periodicity is due to the fact
that the cutting tool cuts the fibers and the matrix phases
alternatively, which in turn leads to different magnitudes
for the cutting forces magnitudes during machining. The
periodicity can also due to the changes of fiber angles
relative to the speed. Many research studies show that
cutting forces are influenced by many factors, such as
cutting conditions, the geometry of the cutting tool and
the properties of the material to be machined [9-11].
Chatelain et al. [11] studied the effect of tool geometry
on cutting force, delamination and roughness during the
trimming of multilayered CFRP laminates. Initially, some
experiments were carried out using three Carbide CVD
coating cutting tools with different geometries at different

cutting conditions. Their results show that the cross-cut
geometry produces the highest axial component of the
cutting force and the worst surface integrity. More recent-
ly, an interesting approach to adaptive fractal analyses of
cutting force signals during trimming of CFRP was pre-
sented by Rimpault et al. [12]. To describe the signal
complexities variations, they performed Fractal analyses
on the measured signals of the cutting forces. They found
that their developed approach applied on the cutting force
signals can be used successfully to estimate the surface
quality and the tool wear during trimming of CFRP.

Haiyan et al. [13] studied cutting forces during the helical
milling of CFRPs. They established a relationship between
cutting parameters, tool wear and cutting forces. Furthermore
they formulated and used a mechanistic cutting force model to
predict cutting forces during the helical milling of CFRP. They
showed a good agreement between the predicted and the mea-
sured cutting forces (maximum error was 18%).

Boudelier et al. [14] proposed an analytical model for
predicting the cutting force during trimming of CFRP lami-
nate using diamond abrasive cutters. Hence a continuous
model of tool engagement is proposed. The validity of their
model is verified on multidirectional CFRP laminate for dif-
ferent fibres orientation and widths of cut. They claimed that
their model allows accurate prediction of cutting forces over
the entire range studied.

The main tool wear mechanism in the trimming of FRPs is
abrasion due to the interrupt nature of milling. When the cut-
ting tool has an insufficient toughness and weak cutting edges,
microfracture and chipping becomes significant problems. In
the milling of CFRPs, special tool material properties, such as
resistance to abrasive wear and high fracture toughness, are
important. For a cutting tool, it is also essential to have high
thermal conductivity as well, because the heat generated in
cutting zone is conducted to the cutting tool. Tool materials
meeting these criteria are fine-grained cemented carbides,
PCD and diamond-coated carbides.

A CVD diamond-coated carbide tool with six straight
flutes was used by Slamani et al. [15] during high speed
CNC trimming of CFRPs. Two models have been assessed
to predict tool wear and cutting force. Compared to the
multiplicative model, they found that the exponential mod-
el was more accurate.

Xu and Zhang [16] studied the tool wear mechanism
during cutting of fibre-reinforced polymer composites.

Fig. 2 CVD coated cutting tool
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Table 1 Tool geometry and

specifications No. of Rake Relief Helix Length of Overall length Tool type Diameter
teeth cut [mm] [mm]
6 8° 10° 10° 254 76.2 Coated carbide 9.525

They found that tool wear significantly affect the material =~ was found that the feed rate was the important parameter

removal mechanisms and surface integrity of the ma-  affecting the surface roughness, meaning that with an in-
chined composites. It was found also that the introduction  crease in the feed rate, the surface roughness increases.

of ultrasonic vibration to the cutting tool can drastically \The fiber orientation of the CFRPs plays an important
reduce its wear rate. role in the chip formation mechanism as well as the qual-

High reliability of CFRP components depends generally ity of the machined components. Arola et al. [20] found
upon the quality of the machined surface. However, due to  that with 0° fiber orientations, chip formation involved
the inhomogeneity and the anisotropic nature of CFRP the  failure along the fiber-matrix interface through bending
machined surface is usually rough and less regular compared  and fracture perpendicular to the fiber. Wang et al. [21]
to conventional metals [5]. Surface quality depends on the tool ~ found that fiber orientation was a main factor affecting the
geometry, the dynamics of the machining process, cutting  surface integrity of a machined component. In their study,
conditions (cutting velocity and feed rate), workpiece material ~ the 90° orientation was a critical angle, meaning that over
characteristics, fiber type, fiber orientation, matrix type and 90°, an intense subsurface damage occurs.
work piece/machine rigidities. Temperature generated during More recently (2017), another study carried out by
machining process has also an effect on the surface quality =~ Wang et al. [22] showed that during orthogonal milling
[17]. Regarding rigidity, proper clamping is very important in ~ of unidirectional CFRP laminates, surface cavities occur
the machining of CFRPs because it directly affects surface  and lead to significant surface damage. They found also
roughness and induces vibration. Surface integrity is related  that surface cavities are not influenced by the cutting pa-
to the physical and chemical conditions of the surface layer ~ rameters (speed and feed) and are the main factors affect-
after machining including fiber pullout, fiber breakage, delam-  ing the surface roughness (R;). In order to improve the
ination, matrix removal, burning and decomposition. Because ~ surface quality and reduce the occurrence of cavities in
the reliability of machined components depends on the surface  the machined CFRP parts, inclination milling was
finish quality, it is therefore essential to both qualify and quan- ~ adopted. They indicated that the proposed strategy im-

tify the surface finish. prove the surface roughness (R,) and the surface quality
Ghidossi et al. [18] verified the cutting effects on the sur-  significantly.
face roughness and surface damage of three types of polymer To recap, numerous studies have been conducted to in-

matrix composite coupons. They confirmed that for composite ~ vestigate the damage caused during machining of CFRPs

materials, surface roughness is not an appropriate indicator for ~ [16, 23, 24]. However, the number of studies on trimming

damage. In terms of surface quality and delamination, they  is quite limited. Furthermore, the relationship between tool

found that there was a big difference between when specimens ~ wear, surface roughness and surface damage during the

were machined with worn tools and with new ones. trimming of CFRPs has not been well investigated. This
Rajasekaran et al. [19] verified the effect of machining

parameters on surface roughness during the turning of
CFRP using carbide cutting. A fuzzy model was devel- =
oped and used to predict the surface roughness of the € 400 Tﬁt 1 PY PY
machined component. It was shown that there was a good E
correlation between the proposed model and the experi- }:
mental data. In addition, based on experimental results, it 'S Test 2
o300 @ H o
[
>
Table 2 Process parameters (two factors and three levels) g) Test 3
£2000 @ o H
Process parameters Level =]
o
Low Medium High
Cutting velocity (m/min) 200 300 400 1524 2794 . 4064
Feedrate (mm/min
Feed (mm/min) 1524 2794 4064 ( )

Fig. 3 A full factorial design of experiments (3 trials)
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Fig. 4 Experimental set-up: (a)
short run trimming, (b) long run
trimming

Aluminium matrix \

Kistler table

phenomenon remains poorly understood qualitatively and
models for surface roughness prediction are needed.
Moreover, unlike many research projects, which base their
studies on the machining of unidirectional laminates, our
research considers a multilayer quasi-isotropic material uti-
lized in the aerospace industry.

On the other hand, PCD tools are extremely hard,
which is a key characteristic for successfully machining
CFRPs [11]. However, PCD tools geometry is very lim-
ited and their cost is comparatively quite high compared
to their CVD tools counterpart. Furthermore, the unit
cost of a PCD tool ranges from 3 to 5 times the unit
cost of a competitive CVD diamond coated carbide tool
[25]. Another advantage of the CVD tools is that they
offers the flexibility of different cutter geometries and
the chemically inert properties of diamond do not react
with composite resins during machining [25]. This work
thus focuses mainly on analyzing the tool wear behavior,
evaluation of surface damage, providing an understand-
ing of the machinability of CFRPs using a CVD dia-
mond coated carbide tool and developing empirical
models for predicting surface roughness and the cutting

@ Springer

225 mm x 900 mm x 4.44 mm
CFRP laminate

Cutting tool

Clamp

225 mm x 900 mm x 4.44 mm
CFRP laminate

Cutting tool

force during the high speed trimming of quasi-isotropic
CFRP laminates used in the aerospace filed. The contri-
bution of each cutting parameter on surface roughness
and the cutting force was analyzed by means of an anal-
ysis of variance.

Materials and methods

In order to study the influence of the tool wear and the cutting
condition on surface quality, machining tests were conducted
by trimming CFRP specimens under different cutting condi-
tions using a 3-axis high speed machining center HURON
K2X10 (Fig. 1) and a CVD diamond-coated carbide tool with
six straight flutes (Fig. 2). The specifications and the geometry
of the cutting tool are shown in Table 1.

The investigated material was an autoclave-cured 24-ply
CFRP laminate with stacking sequence [90°, —45°, 45°, 0°,
45°,—45°, 45°, —45°,0°, —45°, 45°, 90°]s. The fiber volume
fractions of the tested CFRP were 64% and the finale total
thickness of the laminate was 4.44 mm.
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Because CFRPs machining is dusty, messy and harmful,
the dust must be frequently vacuumed. During these trimming
tests a dust extraction system was used as shown in Fig. 1.

In this work, a full factorial design of experiments (DOE)
for two factors (k=2) and three levels yielded 9 trials (3%
were designed and carried out. The two main factors influenc-
ing process performance and selected in this work were cut-
ting velocity and feed rate. For each factor, three levels are
considered (low, medium and high) as shown in Table. 2. The
nine cutting velocity-feed combinations are shown in Fig. 3.
For each combination, the three cutting force components
were measured and analyzed.

Fig. 5 Flow chart of the tool life
tests for the three selected cutting
conditions

According to the results of the nine cutting velocity and
feed rate combinations (Fig. 3), three tests were selected in
order to carry out the tool life tests and surface quality assess-
ment. The three selected combinations (cutting velocity and
feed rate) are presented by squares in Fig. 3.

The experiments described in this work were conducted in
order to achieve two goals. The first goal was to generate tool
wear as function of distance for different cutting conditions,
and the second goal was to assess the surface roughness of the
machined CFRP specimens as a function of the cutting con-
ditions and tool wear. To accomplish this, two experimental
set-up were developed to properly fixe the specimens during

Start
tool life tests for the
three selected cutting
conditions

i=i+1
(Test number i)

l

CFRP specimens for

Trimmed length = 100 mm full inspection

Specimens
transformed into
chips and dust

. l

Profilometer + Scanning
Electron Microscope
(SEM) measurement

«——| Trimmed length = 900 mm

systems
A 4
asssl-:::ev:fafror all Onilcal o
€ microscope roughnt.ess an_d
six flutes surface integrity

4

Calculation of the
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No Did the tool life
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Fig. 6 Optical microscope type Keyence VHX-600 + 500F

trimming. As illustrated in Fig. 4, one machining fixture was
used for the short run trimming (100 mm of length) and the
other was used for the long run trimming (900 mm of length).
As shown in the flaw chart presented in the Fig. 5, the test is

Fig. 7 Measurement of tool wear (VBmax)

@ Springer

realized through an iterative process until the tool wear
reached the flank wear criterion (average flank wear reached
0.3 mm), i.e. in each tool life experiment, the cutting tool
trimmed 100 mm with a short run trimming, and then
900 mm with a long run trimming.

Furthermore, before each short run test, the cutting tool
wear was measured with an optical type Keyence VHC-
600 + 500F microscope (Figs. 6 and 7).

In this test, and according to the ISO 86882 standard [26],
the tool life failure was 0.3 mm for average maximum flank
wear (Fig. 7).

The surface damage was inspected using a scanning elec-
tron microscope type Hitachi S-3600 N (Fig. 8), whereas, the
surface roughness was measured using a profilometer type
Mitutoyo SURFPAK SJ-400 (Fig. 9).

Results and discussion
Results of the nine preliminary tests

In each experiment, cutting forces components in the x-, y-
and z-directions were measured using a 3-axis dynamometer
table (type Kistler 9255B), as shown in Fig. 1, then, Fast
Fourier Transform (FFT) technique was applied for each
measured signal. Results show that the measured signals of
the three cutting force components for all of the nine combi-
nation of cutting velocity-feed were harmonic (Fig. 10). The
harmonics of the tooth passing frequency and the spindle
speeds were not superposed; this meant that the FFT spec-
trum of the cutting force components did not show the pres-
ence of amplification at measuring devise resonance.

Analysis of variance (ANOVA) is one of the most com-
monly used statistical approaches to determine what fac-
tors and combination of factors that significantly affect
the response. In this work, the combined effects of the
cutting velocity and feed rate on the cutting forces com-
ponents and surface roughness parameters are investigated
using ANOVA technique at significant level of 5% (==
0.05). Tables 3, 4, and 5 show the ANOVA and F test
results related to cutting forces components. It can be seen
from these tables that the most significant factor influenc-
ing the normal cutting force and axial cutting force is the
feed rate (f) with percentage contributions of 85.58 and
78.71% respectively. The next significant factor is the
interaction between the cutting velocity (V) and the feed
rate (f) with percentage contributions of 11.21 and
20.84% respectively. The effect of the cutting velocity is
found almost negligible with contribution of 3.21 and
0.44% respectively.
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Fig. 8 Measurement of the
surface damage, a) SEM-type
Hitachi S-3600 N, b) CFRP lam-
inate in the vacuum chamber of
SEM

' Profilometer=

Laminate
s DPOr

Fig. 9 Profilometer Mitutoyo type SJ 400 SURFPAK

Based on the ANOVA test the estimated regression models
for the normal cutting force and the axial cutting force are
shown in Egs. (1) and (2) respectively:

Fy=71+8287 x 107 x f~153.83 x 107 x V¢=9.641 x 075 x £ x Ve (1)

Fy=—4.55-19.03 x 107 x £+ 13.66 x 107 x Ve +3.15x 107 x f x Ve (2)

Concerning the feed force, ANOVA analysis illustrated in
Table 5 shows that the interaction effect of the cutting velocity-
feed has the highest statistical significance (50.90%) followed
by the cutting velocity (33.20%) and feed rate (15.9%).

The estimated model is presented in Eq. (3).

Fr=-213.88+32.15x 107 x £ + 44533 x 107 x V¢—18.50 x 107 x f x V¢
(3)

Figure 11 shows the measured versus predicted values
of the cutting force components using Eq. 1-3. The cal-
culated R squares show that the estimated models ex-
plain about of 99%, 97 and 91% the variability in the
response variables for the normal, axial and feed cutting
forces respectively.

Tables 6, 7, and 8 present ANOVA results for surface
roughness R, R, and R, respectively. It is observed from these

Fig. 10 FFT results in the ninth z T I | : T
preliminary test in x-, y-, and z- = - Tool passing frequency
directions § 201 T
TE" 0 L ) L I i L L i iy 1 L_ i Al
< 500 1000 1500 2000 2500 3000
— Frequency [Hz]
Z
- T T T T T
'8
3 20 =
2
£
£ 0 P PR T 1 L 1 -]} 1
< 500 1000 1500 2000 2500 3000
— Frequency [Hz]
z
n T T T T T
e
[}
"% 20+ -
£
3 0 ] l ] ] P 1 !
< 500 1000 1500 2000 2500 3000

Frequency [Hz]
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Table 3 Analysis of variance
(ANOVA) of response variables
for normal force

tables that the interaction effect of the cutting velocity and

Source Parameter estimate Standard error F-value Percentage; cont. %
Intercept 71 27.09

Feed rate () 82.87x 107 9.10x 1073 83.10 85.58

Cutting velocity (V) -153.83x107° 87.14x 107 3.12 321

Interaction (% V() -9.64x107° 292x107° 10.88 11.21

feed rate has the highest contribution (74.50%, 68.07 and

75.27% respectively). The next significant parameters for
the R, and R, is the cutting velocity (25.25 and 17.35% re-
spectively). The contribution of the feed rate on R was

14.58%, whereas its effect on R, was found negligible

(0.25%) . The effect of the feed rate on the R, was found more
important than the cutting velocity effects with contribution of

21.13 and 3.60% respectively.

Table 4 Analysis of variance
(ANOVA) of response variables
for axial force

Table 5 Analysis of variance
(ANOVA) of response variables
for feed force

Table 6 Analysis of variance
(ANOVA) of response variables
for R, surface roughness

Table 7 Analysis of variance
(ANOVA) of response variables
for R, surface roughness

@ Springer

and 0.89 respectively.

The regression equations for the R,, R, and R, are:

Ry =2.58-0.09 x 107 x f +8.72x 107 x Ve +0.5x 105 x f x Ve (4)
R, =59.96-6.4 x 107 x f—66.84 x 1073 x V¢ +4.44 x 107 x f x V¢ (5)
R, =22.35-338 x 107 x f~1337 x 107 x Ve +2.05 x 107 x £ x V¢ (6)

Figure 12 illustrates the measured versus predicted

values for the roughness parameters R,, R, and R,.
The coefficients of determination (R*) were 0.82, 0.86

Source Parameter estimate Standard error F-value Percentage; contr.%
Intercept —4.55 9.95

Feed rate (/) -19.03x10°3 334x107° 32.46 78.71

Cutting velocity (V) 13.66x 1073 32.01x1073 0.18 0.44

Interaction (1'% V) 3.15%x107° 1.07x107° 8.60 20.84

Source Parameter estimate Standard error F-value Percentage; cont. %
Intercept —213.88 4592

Feed rate ( /) 32.15%x 107 1541 x107° 435 15.90

Cutting velocity (V¢) 44533 %107 147.71x 1073 9.09 33.20

Interaction (fx V) -18.50x 1073 496x107° 13.94 50.90

Source Parameter estimate Standard error F-value Percentage; cont. %
Intercept 2.58 5.55

Feed rate (/) -0.09x 1073 1.86x 1073 0.0024 0.25

Cutting velocity (V) 8.72x107° 17.84x10°3 0.2390 25.25

Interaction (1'% V) 0.5%x107° 0.6x107° 0.7045 74.50

Source Parameter estimate Standard error F-value Percentage; cont. %
Intercept 59.96 18.45

Feed rate (/) -6.4%1073 6.19x107° 1.0656 14.58

Cutting velocity (V¢) —-66.84 %1073 5939x10°° 1.2684 17.35

Interaction (/% V) 444x107° 1.99x107° 4.9755 68.07
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Fig. 11 Measured versus
predicted values of the cutting
force components for the nine
preliminary tests

Table 8 Analysis of variance
(ANOVA) of response variables
for R, surface roughness

Feed force (N)
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Source Parameter estimate Standard error F-value Percentage; cont. %
Intercept 22.35 8.51
Feed rate (f) -338x107° 2.85%1073 1.40 21.13
Cutting velocity (V) -1337x10°° 27.37x107 0.24 3.60
Interaction (fx V() 2.05%x107° 092x107° 4.98 75.27
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Fig. 12 Measured versus
predicted values of the roughness
parameters for the nine
preliminary tests
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Results of the three selected tests
Tool wear analysis

Figures 13, 14, and 15 show the tool wear progression
on the flank face for tooth #5 during the three selected
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tests, respectively. As shown in these figures, as the
cutting length increases, so does the tool wear. It could
be assumed that, the cutting tool edges (flank faces)
deteriorated with an increase in the distance (length of
cut) in all three tool life tests.
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Fig. 13 Tool wear ata) 0, b) 4, ¢)
9,d) 15.8,¢)27.2, and f) 282 m
of cut for Tooth#5 in Test 1 (each
graduation corresponds to

500 pum)

Effect of fiber orientation on tool wear profile

It was observed from the optical microscope images pre-
sented in Fig. 16 that 0° ply orientation played an impor-
tant role on the tool wear profile. For example, in both
tests 2 and 3, the 16th ply (0° ply orientation) produced
the maximum tool wear, while in test 1, it was the 9th ply
(0° ply orientation) that generated the maximum tool
wear. In the case of a 0° ply orientation, the feed rate
and fiber orientation directions were same. It could be
assumed that in this case, the tool-chip contact length
increase, and that the increase most probably caused fur-
ther tool wear.

Cutting forces analysis

During machining with six-tooth end mill, each tooth engaged
and removed material while the chip thickness was not con-
stant. The six flutes in one tool revolution produced six peaks,
as shown in Fig. 17. In this Figure, each peak indicates the
passage of one tooth. The amplitudes of the six peaks are not

identical, and the differences between are most probably due
to tool run-out.

Generally, the profiles of the cutting forces in the x-,
y-, and z-directions are similar for different cutting con-
ditions. These profiles present three different zones in
the tool engagement process. Zone I corresponds to the
immersion of the cutter into the workpiece. The cutting
force starts to increase from a zero value in this zone.
The cutter engagement brings high energy to the CFRP
laminate, and this energy is immediately dissipated in
the laminate. During zone I, the end mill cutter feeds
into the workpiece, and when the end mill tool is fully
engaged, the tool enters the next zone (zone II). Zone II
is the steady state condition, which is categorized by a
cyclical cutting force profile from one revolution to an-
other with almost constant force amplitude. In zone III,
the cutting forces start to change and attain their peak
value. Here, the tool is disengaging from the workpiece,
and consequently, the chip thickness decreases. This in
turn causes a high vibration, which increases the cutting
force. When the unsupported final part of the CFRP
laminate is removed, the cutting force decreases

@ Springer
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Fig. 14 Tool wear ata) 0, b) 4, ¢)
9,d) 12,e) 14 and f) 15 m of cut
for Tooth #5 in Test 2 (each
graduation corresponds to

500 pum)

smoothly. This decrease is most likely due to the de-
crease in chip thickness that occurs. The cutting force
finally decreases to a zero value when there is no CFRP
laminate left to remove [27]. The tool engagement pro-
cess for the six-flute cutting tool is shown in Fig. 18.
Regarding the effect of tool wear on the cutting forces,
the cutting forces in the x-, y-, and z-directions were
compared at the beginning and at the end of each tool life
test. Figures 19, 20, and 21 illustrate the recorded cutting
forces in the x-, y-, and z-direction during trimming of the
CFRP laminate using a new tool and a worn tool. Based
on these figures, the feed forces, (F)), at the end of the
tool life test (using worn tool) were significantly higher
than those at the beginning of the tool life test (using new
tool). For example, in test 1, when the average too wear
was zero (new tool), the average feed force was 95 N,
while at the end of the tool life, when the average tool
wear was 0.42 mm, the feed force was 519 N. This fact

@ Springer
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indicates that the feed forces increased due to the chipping
of the cutting tool (worn tool). For the normal and axial
forces (Fyand F), they did not increase significantly with
an increase in tool wear, and were almost constant. On the
other hand, the effect of the tool wear increase was obvi-
ous on the y components of the cutting forces (feed
force). For the F, (normal force) and F. (axial force)
components, the effect of the tool wear was not very
significant.

Effect of cutting parameters and tool wear on cutting force

Figure 22 shows the evolution of the cutting force components
as a function of the tool wear for three tool life tests. It can be
seen from this figure that there is a weak correlation between
the normal force and the tool wear (Fig. 22a). The computed
correlation coefficient in this case was only 0.36. The axial
force is also less affected by the tool wear (Fig. 22b). The
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Fig. 15 Tool wear ata) 0, b) 4, ¢)
9,d) 14, e) 19 and f) 20 m of cut
for Tooth #5 in Test 3 (each
graduation corresponds to

500 pum)

computed correlation coefficient p= —0.36, indicate that
there is a weak negative association between this two vari-
ables. Figure 22c¢ shows that there is a strong relationship
between the feed force and the tool wear. The computed cor-
relation coefficient was —0.9, means that the two variables are
almost totally inversely correlated.

Of the three tool life tests we conducted, the
highest cutting force value was obtained in Test 2
(V=300 m/min and f=2794 mm/min), while the low-
est cutting force value related to the lowest tool wear
value was generated in Test 1 (V=400 m/min and
f=1524 mm/min).

Effect of cutting parameters and tool wear on surface
roughness

According to Slamani et al. [28] and Berube [29], the
worst surface roughness during trimming operation of

CFRP was on the —45° plies. Sheikh-Ahmed et al.
[30] found also that the surface roughness in the trans-
verse direction was mostly higher than that in the lon-
gitudinal direction. In this test, the surface roughness at
—45° ply orientation was measured using longitudinal
method over a distance of 14 mm (Fig. 23), with a
Mitutoyo SJ-400 SURFPAK profilometer (Fig. 9), and
the arithmetic average roughness parameter R, was con-
sidered for surface roughness modeling and analysis.
The cut-off value (the longest nominal wavelength) de-
pends on the range of R,. In this study, R, was varied
between 1 and 11 pm, therefore, the value of Lc Cut-
off should be chosen 2.5 mm according to the ASME.
ANSI B46.1standard [31].

The objective of this test is to assess the surface
roughness of the machined specimens as a function of
the cutting conditions and machining length (R, =1f(Vc,
f,L)). As mentioned above (Fig. 5), the first specimen

@ Springer



344 Int J Mater Form (2019) 12:331-353

Fig. 16 Effect of fiber orientation e T o e
on tool wear (each graduation O < < < <
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Fig. 18 Tool engagement process
for new six-tooth end mill in Test
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was measured immediately after the first short cut (first
100 mm trimmed length), then the surface roughness
was measured after each 1 m trimming (900 mm as
long cut +100 mm as short cut). The measured surface
roughness for all of the three tests is presented in
Fig. 24.

Figure 24 shows that in all tool life tests, the surface
roughness (R,) decreased with an increase in cutting
length. This behavior goes against the effect of tool
wear. This can be explained by the fact that the surface
roughness was decreased due to the matrix burning/
sticking and the breaking of the carbon fiber beneath
the machined surface (using worm tool). This result is

Cutting forces for the new tool (Vb max = 0 mm)

500
—. o — e,
=
= -500} ]
-1000t v ; i . 1
3 4 5 6 7 8
Time [s]
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Z O
2 5000
-1000t .
3 4 5 6 7 8
Time [s]
500
= 0 R
Z
~ -500t 1
[T
-1000 . . . .
3 4 5 6 7 8
Time [s]

Zone ll -
Zone | Zone lll
1 2 3 4
Time [s]

consistent with the other studies in the literature,
confirming that R, is inappropriate indicator for rough-
ness evaluation [32, 33]. However, if R, is considered
the evaluation must be followed by SEM micrograph
analysis to confirm the absence of surface damages.

The results presented in Fig. 24 show that the surface
roughness decreases as a reciprocal function of cutting
length. Accordingly, a reciprocal regression model could
be more appropriate and effective than other models. In
this work, a full second-order reciprocal regression model
with a two-level interaction of the linear terms was fitted
to the raw data.

Cutting forces for the worn tool (Vb max = 0.42 mm)
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Fig. 19 Recorded forces in x-, y-, and z-directions using new and worn tools in Test 1
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Cutting forces for the new tool (Vb max = 0 mm)

Cutting forces for the worn tool (Vb max = 0.27 mm)
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Fig. 21 Recorded forces in x-, y-, and z-directions using new and worn tools in Test 3
The regression equation is:
B B B By B B B  Bs P B p p
=B+t += - +—7+—8+—9+ 04— 4" 4 (7)

f VC L><f LXVCfXVC

f2OVe (Lxf)? LxVe)Y (fxVe)

where:

R, is the estimated average surface roughness, f; Ve, L and
¢ are the feed rate, cutting velocity cutting length and random
error, respectively.

The selection of the most significant variables is a
very important process in regression it conditions the
predictive capacity of the model. In this work, a

Cutting forces for the new tool (Vb max = 0 mm)

500F 3
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parameter selection technique based on sensitivity anal-
ysis and backward stepwise regression was used. For the
sensitivity analysis, singular value decomposition (SVD)
tool was applied. SVD essentially provides a measure of
sensitivity of unknown coefficients to perturbations [34].
Using this selection technique, the redundant parameters
and the variable with the smallest contribution were

Cutting forces for the worn tool (Vb max = 0.42 mm)
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Fig. 20 Recorded forces in x-, y-, and z-directions using new and worn tools in Test 2
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Fig. 22 Cutting force components in all three tests

removed. The analysis was performed at a significance
level of 5% [35].

The results presented in Table 9, show that up to eight
variables are selected by our elimination test since the
lowest calculated F-value =21.05> Fj 051, 49 =4.03. The
percentage contribution of each variable is also calculated
and presented in Table 9.

L'ongi!udinal direction

e

o P’ - et Y
» ‘*;"-W;‘"‘" ), A

WD33.4mm 15.0kV x100 500um

Fig. 23 Longitudinal and transverse measurement directions

The estimated model is:

A 1302.614 7408.752 28.856  5980.616
R, =9.766— - - (8)
Ve f L Ve x L
25903.289  0.086 _ 5921.321 _ 184700.605
fxL > (VexL)? (fxL)

The ANOVA result illustrated in Table 10 shows that
F =153=150.08 > Fy0s3, 41=2.18, which means that
the model is sufficient. The calculated R-square is R?=
0.91.

As shown in Fig. 24, a very good fit was obtained.

Surface damage

It’s well known that there are four types of delamination
during machining of CFRP. In this work, it wasn’t seen
any type of delamination or fiber pull-out on the
trimmed surface of all coupons for the three tool life
tests (Test 1-3) using CVD coated carbide tool. This
fact indicates that the high fixture rigidity, high quality
of CFRP laminates, the suitable cutting tool and the
stable operational conditions could decrease the fiber
pull-out and delamination.

Figures 25, 26, and 27 show the SEM micrograph of
the trimmed surfaces at different cutting length for Test
1-3. If we take a deepest look at material surface dam-
age of the trimmed coupons, with an increase in tool
wear, the surface quality deteriorate, meaning that ma-
trix was burnt using worn tool due to excessive tool
wear and thermal effect related to the low thermal con-
ductivity of CFRP. On the machined surfaces which
were produced using worn tool, surface damage were
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Fig. 24 Comparison of measured
vs predicted values of average
roughness (R,) in all three tests
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Table 9 Results of the statistical
approach the roughness R, Significant variables Coefficients Standard error F-value Percentage; cont. %
Intercept 9.766 1.55
1/Ve —1302.614 270.42 23.20 8.97
1f —7408.752 1492.57 24.64 9.52
1/L —28.856 4.94 34.16 13.20
1/(Vex L) 5980.616 834.08 51.41 19.87
1/f* L) 25,903.289 4879.11 28.18 10.89
Vo 0.086 0.02 21.05 8.14
(Ve x LY —-5921.321 811.29 53.27 20.59
1Afx L) —184,700.605 38,683.40 22.80 8.82

seen such as burning and thermal degradation of the
CFRP matrix [36].

Similarly to the roughness results, the surface damage
image shows that —45° plies represent the worst case. This
is presented by matrix cracking and empty holes on the
trimmed surface.

At the end of tool life tests, the excessive tool wear
led to the incidence of matrix burning which was as-
sociated with smoke and acrid odor during machining.
On the trimmed edges, the resin epoxy matrix was
burned due to the high tool wear and high cutting

Table 10 Analysis of variance for the quadratic model (roughness R,)

Effect Sum of squares D.F.  Mean squares  F-level
Regression (SSR)  140.26 8 17.53 50.08
Residual (SSE) 14.31 41 0.35

Total (7SS) 154.57 49

@ Springer

force at the end of the tool life, especially in test 1
and test 2. Figure 28a shows smoke during machining
using worn tool.

Figure 28b shows the burnt matrix debris at the end
of the tool life in Test 2. It can be assumed that exces-
sive tool wear and high cutting forces increased the
cutting temperature. This temperature exceeded the glass
transition temperature of the resin (180 °C) and conse-
quently, it caused matrix burning/sticking and generated
the acrid odor and the smoke.

Figure 29 shows the trimmed surface after 15 m of
cutting length in Test 2. In this figure, it was seen that
the fibers were spread and stuck. The matrix was
burned due to high cutting force (737 N) and high
average tool wear (0.423 mm) and it was difficult to
distinguish the machined plies. For all tool life tests,
same results were observed. As a solution, the use of
chilled air can facilitate the removal of dust particles
from the slot and decreased the incidence of matrix
burning/sticking [37].
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Fig. 25 SEM micrographs of
trimmed surface after: a) 0, b) 4,
¢)9,d) 15.8, e) 27.2, and f)
28.2 m of cut in Test 1

Conclusion and recommendation

The present work focused on the machining aspects of an
autoclave-cured 24-ply CFRP laminate by using a CVD
diamond-coated carbide tool with six straight flutes.

Based on the results obtained, the following conclusion can
be drawn:

— From the nine preliminary tests, ANOVA shows that
the feed rate is the most important factor affecting

the normal and axial cutting forces. The effect of
the cutting velocity is found almost negligible.

The effect of the feed rate on the feed force is less signif-
icant than the cutting velocity. The interaction effect of
the cutting velocity-feed has the highest statistical
significance.

ANOVA results of the preliminary tests show also
that the interaction effect of the cutting velocity
and feed rate has the highest contribution on the
surface roughness.
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Fig. 26 SEM micrographs of
trimmed surface after: a) 0, b) 4,
¢)9,d) 14 and e) 15 m of cut in
Test 2

—  The developed statistical models predict successfully the
cutting force components and surfaces roughness.

—  During the trimming of CFRPs, the evolution of the cut-
ting force with the cutting length is significantly affected
by the flank wear of the cutting tool.

—  Results showed that there is a strong correlation between
the feed force and the tool wear.

— A weak correlation was observed between the normal
force, the axial force and the tool wear.

— ANOVA results proved that the proposed reciprocal
model demonstrates a high capacity to accurately

@ Springer

predict surface roughness under the conditions
studied.

The —45° ply orientation leads to poor surface roughness
and high surface damage, presented by matrix cracking
and empty holes on the trimmed surface.

When the tool wear increased the temperature at the
cutting zone increased and this leads to surface
damage meaning that matrix was burnt using worn
tool.

The 0° ply orientation produced the maximum tool wear.
However, further work is certainly required to reinforce
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Fig. 27 SEM micrographs of
trimmed surface after: a) 0, b) 4,
¢)9,d) 14, e) 19 and f) 20 m of
cut in Test 3
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this conclusion and different CFRP laminates with a dif-
ferent configuration (not 0 in the middle) needs to be
used in the future experiments.

The surface roughness decreased with an increase in
the cutting length, this means that an increase in the

Fig.28 Behavior of CFRP during
machining, a) Smoke from burnt
matrix in Test 2, b) Burnt matrix
in Test 2
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tool wear leads to an improvement of the surface
roughness, which is not a logical behavior in machin-
ing process and goes against the effect of tool wear.
Briefly, if tool wear is present, R, becomes inappro-
priate indicator for roughness evaluation.
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Fig.29 Trimmed surface after 15 m of cutting length (Average VBmax =
0.42 mm) in Test 2
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