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Abstract A three-dimensional (3D) micromechanical finite
element (FE) model of machining of fiber-reinforced polymer
(FRP) composites was developed in the paper. The FE model-
ing considers the three phases of a composite, in which the
interphase between the fiber and matrix can realize interfacial
debonding to represent the failure of composites and allow
heat transfer. The machined surface observations and surface
roughness measurements of carbon fiber-reinforced polymer
(CFRP) composites at different fiber orientations were done
firstly, and then, the model predictions of the machining re-
sponses, such as cutting force, temperature, and surface
roughness, at different fiber orientations were compared with
various experimental data for model validation. It is indicated
that the three-phase micromechanical model is capable of pre-
cisely predicting machining responses and describing the fail-
ure modes of fiber shearing or bending related with fiber ori-
entations in the chip formation process. To investigate the
complex coupling influences of multiple machining parame-
ters on the key responses of CFRP composites, the single-
factor analyses of each machining parameter were first carried
out, and then, the multi-factorial analysis of multiple machin-
ing parameters was performed based on the orthogonal design
of experiment and the analysis of variance (ANOVA) to quan-
titatively compare the influences of these key machining pa-
rameters on the cutting force and surface roughness. It was
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found that the fiber orientation angle, depth of cut, and cutting
speed prove to be the important factors affecting the cutting
force and surface roughness and that the coupling effects of
these machining parameters all are relatively negligible in the
machining of CFRP composites.
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1 Introduction

Fiber-reinforced polymer (FRP) composites with high
strength, light weight, and fatigue and corrosion resistances
consist of various polymer matrices and long fibers. Owing to
their excellent mechanical properties, FRP composites are be-
coming the promising solutions to various industrial applica-
tions [1, 2] especially used as structural components in the
weight-critical aerospace industry. Despite the fact that com-
posite parts are fabricated near-net shape, machining opera-
tions such as trimming and drilling are still required in order to
achieve close fit tolerances and finalize part sizes. The ma-
chining of the FRP composites differs significantly from that
of traditional metal materials. The cutting process of mostly
homogeneous materials is characterized by plastic deforma-
tion of the bulk material with continuous chip, while the cut-
ting mechanism of FRP composites is characterized by the
anisotropy and non-homogeneity nature. For the structure of
the FRP composites, the matrix phase and interfacial phase are
the constituents that provide load transfer and structural integ-
rity, while the reinforcement phase enhances the mechanical
properties of FRP composites. Considering that the distinct
constituents of composites with drastically different mechan-
ical and thermal properties cause the complexity of FRP
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composites, extensive studies on machining mechanisms of
FRP composites have been carried out as introduced below.

The integrity of the machined surface is a fundamental
aspect in determining the machinability of FRP composites.
And, the structural quality can be significantly affected by the
machined surface where some defects such as delamination,
cracking, fiber pullout, and burning can occur [3-5]. There-
fore, extensive experimental tests have been performed with
the intention of investigating the quality of the cutting surface
for different cutting conditions in the FRP composites machin-
ing. An end-milling test on carbon nanotube reinforced com-
posites has been conducted in [6], in which the surface rough-
ness under various cutting parameters has been investigated
by using the analysis of variance. The multiple regression
analysis model of the surface roughness was offered to reveal
the significant effects of feed rate, spindle speed, and depth of
cut on surface quality in milling [7] and turning [8] glass FRP
composites. A mathematical model of surface roughness was
further studied based on the response surface methodology
[9, 10]. The circumferential milling process of unidirectional
carbon fiber-reinforced polymer (CFRP) composite was per-
formed to investigate the effect of milling parameters such as
cutting speed, fiber orientation, and workpiece temperature on
the surface integrity [11].

On the other hand, the cutting force is the other fundamen-
tal aspect in determining the machinability of FRP compos-
ites, which is also strongly influenced by the machining pa-
rameters and the properties of workpiece and tool. Some ex-
perimental works of various manufacturing process (e.g., mill-
ing, drilling, trimming, etc.) have been done to investigate the
cutting force [12, 13], while numerical simulation works were
performed to analyze the cutting force by using the
micromechanical and macroscopic finite element method
[14-16]. Furthermore, some analytical models were also pro-
posed to predict the cutting force in FRP composites [17—19].

Due to the anisotropic and inhomogeneous properties of
FRP composites, the interaction between the FRP composites
and the tool is very distinguishably different from that of ho-
mogeneous materials. The investigations of chip formation
and material removal mechanisms in FRP composites ma-
chining can provide the essential knowledge to understand
the interaction between FRP composites and tool. To get a
better understanding of the chip formation process and dam-
age initiation and propagation, a 2D numerical progressive
failure analysis was developed by Lasri et al. [20] to investi-
gate the effects of fiber orientation and failure criteria on
CFRP laminates. The failure mechanisms at different fiber
orientation angles in cutting a CFRP composite were revealed
by a micromechanical finite element model with experimental
validation [21]. Based on the samples with four different fiber
orientations, the chip shapes and rupture modes were analyzed
through the orthogonal cutting of carbon/epoxy laminae [22].
More recently, a three-dimensional (3D) finite element model
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of CFRP orthogonal cutting with cohesive interactions was
established to accurately predict material removal phenome-
non [23]. Besides, the discrete element method can also be
used to describe the chip formation mechanism [24].

Despite the efforts as mentioned above have been devoted
to investigate key machining responses of FRP composites
(such as the cutting force, machined surface roughness and
chip morphologies) by both experimental tests and finite ele-
ment (FE) simulations, there still exists a challenge to make a
quantitative comparative analysis of the coupling influences
of multiple machining parameters on certain responses, so as
to get an optimal design of the machining process of FRP
composites. The present work is devoted to develop a 3D
micromechanical FE model with consideration of the three
phases (i.e., fiber, matrix, and the interphase between the fiber
and matrix) of FRP composites. The effects of each machining
parameter on the machining responses will be analyzed firstly
by using FE simulations. Based on the simulation results, the
multi-factorial analysis is used to study the coupling influ-
ences of multiple machining parameters on the machining
responses of CFRP composites, so as to determine the most
important machining parameters and give a quantitative com-
parison of their influences. At the same time, the observations
and roughness measurements of the machined surfaces at dif-
ferent fiber orientations were also done in this paper for the
validation of the FE model.

2 Experiment setup of milling carbon
fiber-reinforced polymer composites

The CFRP composites used in our tests were fabricated from
the IMS/X850 prepregs with T800 carbon fiber. Four types of
laminae were selected in the experiments, in which the fiber
orientations are 0°, 45°, 90°, and 135°, respectively. The fiber
volume fraction for these laminae is 65 %. The mechanical
properties of IMS/X850 prepreg as well as its constituents are
given in Table 1. The CFRP laminae with 32 plies have a
thickness of 6 mm and were cut into 200x 150 mm using
diamond-edged saw to fit the clamp.

All the milling experiments were carried out on a DMG
Ultrasonic 20 Linear high-speed machining center at the Nan-
jing University of Aeronautics & Astronautics, as illustrated in
Fig. 1. This equipment has maximum spindle speed of 42,
000 rpm and maximum feed speed of 5 m/min. The machining
process was performed with a diamond-coated and cemented
carbide end mill tool of 10-mm diameter. The machining con-
ditions employed for each test were as follows: cutting speed
is 157 m/min, feed rate is 1000 mm/min, axial depth of cut is
6 mm, and radial depth of cut is 1 mm.

To evaluate the machined surface quality of the workpiece
samples after milling experiment, the machined surfaces were
observed by a Hitachi S-3400N scanning electron microscope
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Table 1 Mechanical properties of the IMS/X850 prepreg
Constituent Properties Values
IMS/X850 prepreg  Elastic constants  E;=195GPa, E»,=8.6GPa,
G1,=4.57GPa, v1,=0.33
Tensile strength ~ X7=5.49 GPa
Diameter d~=10 pm
Carbon fiber Elastic constants ~ Ej; =294 GPa, E>=15 GPa,
Gpo=15 GPa, v,=0.3
Tensile strength ~ X7=2.678 GPa
Epoxy Elastic constants ~ E,=3.1 GPa, v,,=0.35
Tensile strength ~ X7=70 MPa
Shear strength Sm=70 MPa

(SEM). And, then the machined surface roughness of the com-
posite workpiece was measured by MAHR-Perthometer M1
instrument, as shown in Fig. 2. Each measurement was repeat-
ed three times, and their average values were taken as the
effective ones.

3 FE modeling of fiber-reinforced polymer
composites

3.1 Description of three-dimensional cutting finite element
model

Considering the microstructure of three individual phases (i.e.,
fiber, matrix, and the interphase between the fiber and matrix)
of the FRP composites, a 3-D micromechanical FE cutting
model was established for FRP composites, as shown in
Fig. 3. The orthogonal cutting simulation was carried out by
using the explicit module of the general FE software
ABAQUS/Explicit. The tool was assumed to be a rigid body.
The nose radius of the tool is 5 um, and the rake and relief
angles are 25° and 10°, respectively. The tool was given a
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Fig. 1 Experimental setup of milling CFRP composites

Fig. 2 MAHR-Perthometer M1 instrument for the measurement of
machined surface roughness

constant cutting velocity in the x direction during the cutting
process, the movement of which in the y direction was
constrained in the model. The size of workpiece was adopted
as 215%x215x50 um (Lx Hx* W). The workpiece was meshed
with eight-node brick elements with reduced integration
(C3D8R), and there are about 100,000 elements with a mini-
mum element length of 0.5 um along the cutting path. The
initial temperature of the workpiece is set as 25 °C. The dis-
placements were constrained in three directions (x, y, and z) at
the bottom surface of the workpiece, and the longitudinal dis-
placement (U,) was restricted at the left-hand surface of the
workpiece. The fiber in the composite workpiece has a hex-
agonal array arrangement as illustrated in the figure. The fiber
orientation angle was defined relative to the cutting path in a
clockwise direction. The thickness of interphase was evaluat-
ed as 0.5 um based on the fiber diameter. A kinematical
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Fig. 3 Illustration of 3D micromechanical FE model of orthogonal
cutting of FRP composites (fiber orientation angel §=90°)

X
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contact definition was applied between the tool surface and
workpiece based on the penalty function principle, and the
heat partition between the tool and chip was defined as 20 to
80 %. A self-contact condition was adopted for each phase of
the composites to avoid penetration among deleted elements
during cutting process.

Considering that there exists a large amount of heat trans-
mitted from the tool to the workpiece, the heat conduction
between the tool and workpiece was introduced in the FE
model so as to consider the thermal phenomenon in machining
CFRP composite. The thermal properties of the three phases
provided by [25, 26] are given in Table 2. Due to the elastic
brittle behavior of CFRP, the heat generated by plastic defor-
mation is negligible and the unique heat source taken into
account in the model was produced by the friction at the con-
tact surface between the tool and workpiece. The friction be-
tween the cutting tool and fiber plays an important role in the
machining of composites. The Coulomb friction law is ap-
plied to various contact surfaces. According to the orthogonal
machining tests [27], the coefficient of friction between the
tool and fiber used in the present micromechanical model was
taken as 0.3, 1.8, 0.49, and 0.6 for the 0°, 45°, 90°, and 135°
fiber orientations, respectively.

3.2 Material modeling

Contrary to the equivalent homogenous material (EHM)
method used in FE machining models, the 3D
micromechanical cutting model was built with consideration
of the three constituents of the FRP composites. As a real
region observed in experiment [28], the interphase was
modeled by using a solid continuum element and has been
used to realize the failure of materials by interfacial
debonding. The cohesive zone model (CZM) is often
employed to model the interface between the fiber and matrix;

Table 2 Thermal properties of the three phases in the adopted CFRP
composite

Constituents  Properties Values
Longitudinal thermal conductivity, A, (W/m K) 9.37
Transverse thermal conductivity, A7 (W/m K) 4
Carbon fiber Longitudinal thermal expansion, o, (10~%K) -041
Transverse thermal expansion, a. (10"%/K) 10.5
Specific heat, C, (J/kg/K) 794
Thermal conductivity, A. (W/m K) 0.22
Epoxy Thermal expansion, a; (10”%K) 72
Specific heat, C, (J/kg/K) 1210
Thermal conductivity, A. (W/m K) 2.52
Interphase Thermal expansion, a; (10~%K) 27.6
Specific heat, C, (J/kg/K) 990.8
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however, it is not suitable for an explicit dynamic simulation
because the CZM not only dramatically increases the compu-
tational time but also induces excessive element distortion for
compressive failure. Therefore, the constitutive models and
damage models for the three constituents of the FRP compos-
ites are required.

1. Fiber and matrix models

The carbon fiber is assumed to be an elastic and anisotropic
material and can be fully characterized by the anisotropic elas-
ticity moduli of the fiber (£p). It has been observed that the
carbon fiber has small fracture toughness and has not signifi-
cant plasticity before failure. Therefore, the carbon fiber is
assumed to fail at the onset of the stress of the fiber exceeding
the anisotropic ultimate strength. The epoxy matrix of the
composite is modeled as an isotropic and elasto-plastic mate-
rial, the elastic behavior of which is characterized by the elas-
tic modulus (E,,) and the Poisson ratio (v,,), and the plastic
behavior is described by von Mises yield criterion and isotopic
hardening. It can be assumed for the epoxy matrix that the
yield behavior is independent of the hydrostatic stress and
the yield behavior is equal in tension and compression. The
damage begins when the stress in the matrix reaches the yield
strength. The elastic modulus of matrix linearly degrades with
microcracks generated in the matrix and becomes zero at an
equivalent plastic strain of 0.05 corresponding to final
fracture.

2. Interphase model with damage failure

The solid continuum element has been used to represent
the interphase between the fiber and the matrix which is
better than the CZM in the cutting simulation. The inter-
phase is defined as an isotropic elastic material (the elastic
modulus is denoted by E;). A progressive damage happens
at the maximum normal and tangential stress (0. and
Tmax)- The normal damage behavior of the interfacial ele-
ments is modeled with a tensile progressive damage model,
which describes the normal separation of the interface. Af-
ter damage initiation occurs, the degree of damage can be
fully characterized by a scalar damage variable (D). As the
normal strain increases, the current state of damage ex-
hibits itself in the form of a decrease modulus of elasticity
(EY) as shown below:

EY = (1-D)E; (1)

where EY is the damaged elastic modulus of interphase.
The material stiffness is equal to zero when the damage
variable is equal to unity which means that the material
fully reaches fracture. The damage variable is then said to
linearly evolve according to the following:
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L
D =—"¢ (2)
pl
Uy
where L. is the characteristic element length, ' is the
plastic strain, and u}' is the equivalent plastic displacement
at failure which is expressed as

= o)
y

where Gy is the fracture energy of the material, and oy is the

static yield stress before the initiation of damage. The

equivalent plastic displacement at failure can be deter-

mined when Gy is known which is defined as

Gy = /G + G? (4)

and

&y
G, = J ode

0

(5)
Gt = J Td’}/

.

where G, and G, are the normal and tangential fracture
energies, respectively; ¢ is the normal failure strain, and
¢ is the shear failure strain. Besides, the strain at the be-
ginning of damage evolution was also empirically evaluat-
ed in the calculation of Gy. Similarly, the shear damage of
the interfacial elements is also modeled with the progres-
sive damage approach to account for the failure of FRP
composites under shear strains.

4 Simulation results and experimental validation

In the present work, a simulation investigation was carried out
to comprehensively study the key machining responses with
variation of machining parameters for different fiber orienta-
tion angles in CFRP composites. The influences of machining
parameters of CFRP composites were analyzed mainly for
cutting force, temperature, and surface roughness at respec-
tively corresponding machining conditions.

4.1 Cutting force and temperature and validation

The cutting force is a most important factor in investigating the
machinability of CFRP composites. It is produced due to the
sliding of the cutting tool against the workpiece to remove the
material from the workpiece. The main factors affecting cutting
force include machining conditions (such as cutting speed, feed
rate, and depth of cut) and the properties of the workpiece and
tool. So, the cutting force of a CFRP composite will depend on

the machining conditions providing that the cutting tool and
workpiece are given. It is worth noting that when the FE pre-
dictions of cutting forces were compared with experimental
data for validation, all the parameters used in FE model are
the same as those in the corresponding experiments. Especially,
the thermal properties of the three phases in the FE model were
adopted for temperature validation, as shown in Table 2.

The orthogonal micro-machining experiments of CFRPs
were performed by Calzada et al. [21] on a three-axis CNC
micro-scale machining testbed, in which Kistler 9018 and
high-speed camera were used to monitor the cutting process.
The cutting speed is 0.5 m/min, and the depth of cut is 30 um.
The relation of the principal cutting force along the cutting
direction versus time obtained in FE simulation was presented
and validated by the experimental average value of cutting
force [21], as shown in Fig. 4a. And, the historical variation

18
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— — - Average value of 2D simulation [21]
— Our results of 3D simulation

15+

Cutting force (N/mm)

O 1 1 1 1
0.000 0.005 0.010 0.015 0.020 0.025
Time (s)
(a)
60 -
O sof
o
= 40t
o
ie]
2 30
g 20l — FE simulation results
2 Average value of experiment [22]
[}
Q. L
g 10
(0]
|_ 0 I 1 I 1 I 1 1 I 1
0.000 0.005 0.010 0.015 0.020 0.025
Time (s)
(b)

Fig. 4 The comparisons of the simulated results and the average values
of'experiments of a cutting force and b cutting temperature for CFRPs at a
fiber orientation of 90°
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of the temperature at the tool tip was given and compared with
experimental data by Zitoune et al. [22], as shown in Fig. 4b. It
can be seen that the simulation results of the cutting force and
temperature were in good agreement with the experimental
data. Especially, the cutting force predicted by the 3D FE
model was closer to the experimental data than the 2D FE
model. The temperature shows an unimportant role in the
machining of CFRP composites due to its very limited varying
range (25 to 46 °C) during the machining process.

As shown in Fig. 5, there is a very good agreement between
the predicted and measured [21] values of the average cutting
force at different fiber orientation angles in the machining of
CFRP composite. It can be seen that the cutting force depends
on the fiber orientation and that the cutting force is minimum
at 45° and maximum at 90°. This is because shearing of the
fiber and matrix is the dominant damage at 45°, and the fibers
are simultaneously bent and sheared in bulk at 90°, while the
shear failure stress of fiber (380 MPa) is much lower than that
in bending (1600 MPa). Although the thrust force was signif-
icantly underestimated due to elements that were deleted in
the simulation, the simulated results of the thrust force varying
with fiber orientations also agree with the experimental data
[21].

4.2 Surface roughness and experimental validation

Surface roughness plays a predominant role in determining
the machining accuracy. It is noted that the surface roughness
of CFRP composites depends on many factors, such as fiber
orientation, cutting speed, feed rate, and depth of cut, for a
given machine tool and workpiece setup. In reality, the ma-
chined surface of CFRP composites differs from that of con-
ventional metallic materials in many respects. Because the

10

I Simulated results
I Experimental data [21]

Average cutting force (N/mm)

0 45 90 135
Fiber orientation angle 6 (° )

Fig. 5 Experimental validation of the average cutting forces at different
fiber orientations
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cutting surface of CFRP composite is resulted from material
removal with the combination of bending, crushing. and
shearing and depends on the surface texture of the workpiece,
which is closely related with fiber orientation, fiber arrange-
ment, interfacial bonding strength, and the thermomechanical
properties of fiber and matrix.

The average surface roughness (R,), the arithmetic mean of
the departures of roughness profile [29], is adopted in this
study as follows:

N M

Ra:ﬁz

) 0
j=1 i=l

where H(x;;) is the deviation of the profile and M and N are
the sampling points which are chosen along the cutting path
and perpendicular to the cutting direction, respectively.

The comparisons of the simulated and experimental results
of surface roughness of T800/Epoxy at different fiber orienta-
tions are presented in Fig. 6, in which the material and cutting
conditions adopted in FE simulation are the same as those
used in our tests, as shown in Table 1. It is indicated from
the figure that the simulation predictions match well with the
measured values of average surface roughness at different
fiber orientation angles. And, the machined surface is relative-
ly smooth at the orientation angle of 45° while more uneven at
135° (or —45°).

Meanwhile, we have observed the surface topographies of
the studied composite at four fiber orientation angles by using
Hitachi S-3400N SEM, as shown in Fig. 7. It was shown that
the machined surface is mainly composed of bare fibers and
resin ridges at 0°. The machined surface is relatively smooth at
the 45° fiber orientation, and the poor surface occurs at 135° in

I Simulated results
Il Veasured results

Average surface roughness R_ (um)

0 45 90 135

Fiber orientation angle 6 (° )

Fig. 6 Comparison of average surface roughness between simulation
and our measurement for T800/Epoxy at different fiber orientations
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Fig. 7 Observations of the
surface topography of
T800/Epoxy at a 0°, b 45°, ¢ 90°,
and d 135°

(c) 6=90° (d) 6=135°

the CFRP composite. The big pits of carbon fiber bundles and ~ at 135° have been found in these micrographs (as marked by
resin ridges were obviously observed at 135° while some  red circles in the figure).

small pits on the coated resin layer were found at 90°. Fur- The simulated results of surface profile of T800/Epoxy at
thermore, the local machining damages such as fiber-matrix ~ four fiber orientation angles are shown in Fig. 8. It can be seen
debonding at 0°, fiber pullout at 90°, and subsurface damage  that the roughness profiles are of fluctuation type for all cases

Fig. 8 The simulated results of
surface profile of T800/Epoxy at
a 0° b 45° ¢ 90° and d 135°
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of different fiber orientations. The fluctuating magnitude at
45° is obviously lower than those in other cases. The rough-
ness profile at 135° is not as regular as the other three ones,
and its valleys are the deepest. These profiles confirm that
surface roughness greatly depends on fiber orientation. Espe-
cially, the characteristics of these profiles predicted in FE sim-
ulation show a very good agreement with those observed in
the experiment as presented in Fig. 7.

4.3 Chip morphologies with different failure modes

Since the machining quality obviously decreases at the end of
tool life for higher degrees of damage induced on the surface of
workpiece, the study on chip formation during machining op-
eration has served a pivotal role on fundamental insights into
the optimization of tool life and machining quality. To get better
tool life and machining quality for CFRP composites, the nu-
merical simulations of chip formation were done here to reveal
the mechanism of material removal of CFRP composites.

S, Mises
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Fig. 9 The chip morphologies and failure modes at different fiber orientation angles
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Table 3  The different levels of key machining parameters used in
factor analysis

Machining parameters Levels

Fiber orientation angle () (°) 45,90, 135
Cutting speed (V) (m/min) 60, 300, 600
Depth of cut (a,) (wm) 30, 50, 70

The chip morphologies and various failure modes at differ-
ent fiber orientations in the machining simulations are shown
in Fig. 9. It was indicated in Fig. 9a that the fiber and the
matrix separate due to interphase debonding failure when
the tool enters the workpiece at 0°. The separation is propa-
gated with the advance of the tool because of bending and
compression onto the fiber and matrix. The separation ceases
to propagate, and the break happens when the fiber reaches a
critical length. The chip is formed when the bending stress
exceeds the failure stress of fiber in a direction perpendicular
to the fiber orientation, which is reproduced in a cyclic way

S, Mises

(Avg: 75%)
+1.987e+03
+3.800e+02
+3.484e+02

+9.577e+01
+6.419e+01
+3.261e+01
+1.030e+00

S, Mises
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+3.000e+03
+1.600e+03
+1.467e+03
+1.333e+03
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+1.067e+03
+9.334e+02
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Fig. 10 Dependence of cutting 12 -
force on the cutting speed at a 45° Depth of cut: —=— 30 pm
and b 90° £ 10 ——50 um —+— 70 um
£
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£
5
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6=90°

Cutting force (N/mm)

(a)

until the end of machining. For the case at 45° as shown in
Fig. 9b, the fibers and matrix are purely sheared by the com-
pression of the tool. It was found that a shear fracture occurs
along the interface during the cutting process. Consequently,
the chips are formed with the continuous fiber ruptures caused
by shearing and are detached collinearly along fiber orienta-
tion resulting in relatively small surface damage.

For the case at 90° as shown in Fig. 9c, the workpiece
material is initially loaded by bending ahead of the tool on
the fiber-matrix interface and then followed by shearing. The
interphase continues to fail as the bending stress in each fiber
exceeds its failure value. A discontinuous chip is then gener-
ated. Bending stress also occurs below the cutting plane with-
out leading to subsurface fiber failure during the cutting pro-
cess, but it can result in subsurface damage such as fiber pull-
out and delamination at the end of cutting on the machined
surface. For the case at 135° as shown in Fig. 9d, the shear
failure of matrix and interphase first occurs. Then, the bending
fracture in fibers occurs around the cutting surface due to the
compression forces of the tool. A discontinuous long chip is
formed finally when the compressive stress localized in the
cutting edge generates the crack in the interface. In simulation,
a bouncing back of fiber was observed, which causes brushing

2 1 1 1 1 1 1
0 100 200 300 400 500 600 0
Cutting speed (m/min)

100 200 300 400 500 600
Cutting speed (m/min)

(b)

between the relief surface of tool and the machined surface
and contributes to the cutting force.

5 Factorial analysis of machining parameters

It is well known that the machined quality of FRP composites
is affected by many factors during the machining process. To
provide a better understanding of the optimized machining
quality, the significance of multiple machining parameters
was studied based on the statistical method. By using the
analysis of variance (ANOVA), the dominant machining pa-
rameters and coupling of double parameters affecting the cut-
ting force and surface roughness were determined by quanti-
tative comparison.

5.1 Analysis of variance

Analysis of variance (ANOVA) is a robust statistical method
to obtain some important process parameters which signifi-
cantly affect the machining responses. This is accomplished
by separating the total variability of the multi-performance
characteristic index, which is measured by the sum of the

11

Fig. 11 Dependence of cutting 11
force on a fiber orientation angle N = 10 .
and b depth of cut E 10+ E I
Z 9t Z 9t
~ n
3 3
5 8t 5 8
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g =
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Fig. 12 Quantitative comparison of the contributions of different
machining parameters to the cutting force

squared deviation from the total mean of square, into contri-
bution by each of the process parameter. In addition, the F test
is used to determine which process parameter has a significant
effect on a characteristic performance. So, the F' value gener-
ally represents the important degree of the process parameter
on the performance characteristic.

When applying ANOVA, there are three key assumptions
that should be satisfied as follows: (1) the observations are
obtained independently and randomly from the populations
defined by the factor levels, (2) the population at each factor
level is approximately normally distributed, and (3) these nor-
mal populations have a common variance, o°. That is to say,
for factor level 7, the population is assumed to have a distribu-
tion which is N(u;,0%). To perform the ANOVA, the principal
computational formulae needed are given below

2
s =Y G )
J

i

Table 4 Results of the analysis of variance for cutting force

T2 712
SSp = . 8
B2 (8)
SSg
MSg = 9
b= 9)

where SSr is the total sum of square, SSg is the sum of square
at all levels for a single factor, and MSg is the mean value of
SSg. x;; is the jth observation in the ith level, T'is the sum of all
n observation values, and 7 is the total number of observa-
tions; 7; is the sum of n; observation values in the jth level, n; is
the number of observations in the ith level, and N is the num-
ber of levels. In this paper, ANOVA was performed by using
the software of Statistical Product and Service Solutions
(SPSS). The SPSS has been widely used for statistical analysis
in various research fields, which include bi-variable statistics,
descriptive statistics, and multi-variable ANOVA. Especially,
ANOVA has become an important module of the statistical
analysis tool.

5.2 Results of analysis of variance

In this paper, a series of simulations were performed to
provide the sample data needed in ANOVA, so as to inves-
tigate the effects of machining parameters and coupling of
double parameters on the cutting force and surface rough-
ness. The different levels of key machining parameters
used in factor analysis are listed in Table 3 based on design
of experiment.

The single-factor analyses of the effects of three key ma-
chining parameters on the cutting force were firstly carried
out, as presented in Figs. 10 and 11. The effect of the cutting
force is studied in Fig. 10 for two typical fiber orientation
angles of 45° and 90°. It can be seen that the cutting force
increases with the increase of cutting speed at both cases, and
the increasing trend also exists for all the fiber orientations.
Furthermore, although the increase of cutting speed can lead
to high cutting temperature in the shear zone and hence
softens the workpiece [30], the cutting force did not drop in

Machining parameters Sum of squares (SSg) Degrees of freedom Mean square (MSg) F value p value
Fiber orientation angle () 72.3 3 24.1 5.72 0.000
Depth of cut (a,,) 31.72 2 15.86 3.07 0.000
Cutting speed (V) 25.04 2 12.52 1.959 0.000
Rake angle (v) 11.34 1 11.34 1.823 0.000
Fiber diameter (d) 10.62 1 10.62 1.745 0.000
Edge radius () 10.24 1 10.24 1.675 0.000
Interaction (€< a,,) 5.04 6 0.84 0.134 0.001
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our simulation mainly because the elevated magnitude of cut-
ting temperature is very small during the machining process.
In Fig. 11a, b, the relations of cutting force versus the fiber
orientation angle and depth of cut were plotted, respectively. It
can be known from the figures that the results of the maximum
cutting force are observed at 90° while the lowest cutting force
at 45°, as shown in Fig. 11a, and the cutting force is almost
linearly increasing with the depth of cut in Fig. 11b.

As shown in Fig. 12, the multi-factorial analysis based on
the orthogonal design of experiment was further used to study
the effects of multiple machining parameters and their cou-
pling effects on the cutting force. The results of multi-factorial
ANOVA for cutting force are listed in Table 4. These analyses
were carried out for a level of significance of 5 %; i.e., the
default p value is 0.05. It was found that fiber orientation angle
(), depth of cut (a,), and cutting speed (V) have the most
significant levels for the cutting force and that the coupling
effects of two factors (such as fiber orientation and depth of
cut) are actually quite small and can be neglected in the
analysis.

At the same time, the single-factor analyses of the effects of
three key machining parameters on surface roughness were

A
o)

Fig. 14 Dependence of surface

Cutting speed V. (m/min)

(a) (b)

also carried out, as presented in Figs. 13 and 14. The depen-
dence of the surface roughness of the cutting speed was plot-
ted for the two orientations of 45° and 135° in Fig. 13. It can
be clearly seen in the figure that the surface roughness gradu-
ally decreases with increasing cutting speed, which indicates
that the higher cutting speed is good for machined surface of
CFRPs. In addition, a slight increase in surface roughness was
observed when the depth of cut increases from 30 to 70 pum,
which implies that larger depth of cut is not preferred for
higher surface quality in machining CFRP composite. These
simulated results are in good agreement with the experimental
data [7, 8]. The relations of surface roughness versus the fiber
orientation angle and depth of cut are plotted in Fig. 14. It is
known that the surface roughness increases with fiber orien-
tation from 45° to 135°, as shown in Fig. 14a, and increases
slightly with increasing depth of cut in Fig. 14b.

As shown in Fig. 15, the multi-factorial analysis based on
the orthogonal design of experiment was applied to investi-
gate the effects of multiple machining parameters and their
coupling effects on the surface roughness. The results of
multi-factorial ANOVA for surface roughness are given in
Table 5. It was noted that fiber orientation angle, cutting
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Fig. 15 Quantitative comparison of the contribution of different
machining parameters to surface roughness

speed, and depth of cut are the most significant factors affect-
ing the surface roughness and that the coupling effects of the
two factors (such as fiber orientation and cutting speed) are
also relatively small.

6 Conclusions

This paper studied the effects of multiple machining parame-
ters on the key responses of the unidirectional CFRP compos-
ites based on FE simulations by a 3D micromechanical cutting
model with consideration of the three constituents of FRP
composites as well as temperature. The experimental observa-
tions of machined surface were carried out for the validation
of FE results. And, then the ANOVA was used to make a
quantitative comparison of the influences of multiple machin-
ing parameters. The main conclusions have been summarized
as follows:

Table 5 Results of the analysis of variance for surface roughness

The machined surfaces at different fiber orientations
were firstly measured by SEM observation and surface
roughness instrument. It was found that there are different
surface profiles at different cases, and the machined surface
is relatively smooth at 45° while uneven at 135°. Various
subsurface damage forms such as interfacial debonding,
matrix cracking, and fiber pullout were observed too in
our measurement. Furthermore, both of the characteristics
of these surfaces and subsurface damage forms predicted in
our FE simulations show a very good agreement with the
measured results, which successfully demonstrates the re-
liability of our FE model.

The single-factor analyses of the effects of three key ma-
chining parameters (i.¢., the cutting speed, the fiber orientation
angle, and depth of cut) on the cutting force and surface
roughness were then carried out based on the FE simulation
results, respectively.

It was indicated that the cutting force increases with in-
creasing cutting speed as well as depth of cut and arrives at
the minimum value at 45° while the maximum at 90°. Surface
roughness gradually decreases with increasing cutting speed
while slightly increases with the depth of cut and is relatively
smooth at 45° while uneven at 135°. In addition, different chip
morphologies were observed in the chip formation simulation
at different fiber orientations, and various failure modes ap-
pear correspondingly.

Finally, multi-factorial analyses based on the orthogonal
design of experiment and the ANOVA were performed to
determine and provide a quantitative comparison of the dom-
inant machining parameters which are affecting the cutting
force and surface roughness. The fiber orientation angle in
the CFRP composites proves to be the most important factor
affecting the cutting force and surface roughness. The next
significant factors are the depth of cut and cutting speed for
the cutting force while the cutting speed and depth of cut for
the surface roughness. The coupling effects of these parame-
ters are actually small and can be neglected in the CFRP ma-
chining process.

Machining parameters Sum of squares (SSg) Degrees of freedom Mean square (MSg) F value p value
Fiber orientation angle () 12.06 3 4.02 3.325 0.000
Cutting speed (V) 5.02 2 2.51 2.251 0.000
Depth of cut (a,) 4.02 2 2.01 1.713 0.000
Rake angle () 1.88 1 1.88 1.567 0.000
Edge radius () 1.63 1 1.63 1.328 0.000
Fiber diameter (d) 0.628 1 0.628 0.492 0.001
Interaction (0% V) 2.256 6 0.376 0.247 0.002
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