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An energy based force prediction method for UD-CFRP orthogonal machining

Abstract:

The machining of carbon fiber reinforced polymer (CFRP) composite presents a
significant challenge to the industry, and a better understanding of machining
mechanism is the essential fundament to enhance the machining quality. In this study,
a new energy based analytical method was developed to predict the cutting forces in
orthogonal machining of unidirectional CFRP with fiber orientations ranging from 0°
to 75°. The subsurface damage in cutting was also considered. Thus, the total specific
energy for cutting has been estimated along with the energy consumed for forming
new surfaces, friction, fracture in chip formation and subsurface debonding.
Experiments were conducted to verify the validity of the proposed model.

Keywords: CFRP, Cutting Energy, Cutting mechanics, Force prediction

1. Introduction

Due to the demands of the aerospace industry, the lightweight and mechanical
properties of materials are becoming increasingly important in recent years [1].
Carbon fiber reinforced polymer (CFRP), as one of new structural composites, is
widely used as structural components for aircrafts because of its excellent fracture
toughness, stiffness to weight ratio, and low thermal expansion. Components made
from CFRP are mostly produced by the near-net-shape method, however, secondary
manufacturing processes, such as trimming, milling, and drilling, are often required
for imparting dimensional tolerance and assembly of composite parts [2]. However,
owing to the unique anisotropic characteristics of the material, it is still a challenge to
machine CFRP with high-precision surface without delamination, fiber pull-out, or
burning [2, 3]. Although orthogonal cutting is uncommon in industrial machining
processes, the analytical approach of such machining process is essential for better
understanding the mechanisms of common processing methods such as drilling,
milling, and trimming, etc.

To date, most published work concerning orthogonal cutting of CFRP are mostly
focused on the regularity of chip formation [4, 5], revealing the machining mechanism
by finite element method (FEM) [6, 7] and on the prediction model of cutting forces
[8, 9]. The machinability of CFRP mainly depends on the properties of fibers and
matrix and the fiber orientation [10, 11]. When the fiber orientation & is 0°~90°, mode
Il fiber failure occurs under compressive shear; when the 9 is 90°~180° at a positive
rake angle, mode | fracture initiates along the fiber-matrix interface and fiber failure
occurs when the bending stress exceeding the bending limit of the fiber [2]. On the
basis of experimental investigation, FEM has been used to predict cutting force and
delamination in CFRP orthogonal cutting process. Nayak et al. [12] proposed a model
with two-phase material system consisting of distinct physical entities, i.e. a single
fiber and surrounding matrix. By adopting plane stress, Tsai-Hill failure and
fiber-matrix separation criteria, the consistency of the two-phase micromechanical



model was compared to the equivalent homogeneous material (EHM) model. Taking
the fiber and matrix failure into consideration, Rao et al. [13,14] used the FEM to
predict the damage and chip-formation mechanism for 4 is less than 90°. Calzada et al.
[15] introduced a new approach to interfacial modeling where the material interface is
modeled using continuum elements, allowing failure to take place in either tension or
compression. The model is capable of describing the fiber failure mode occurring
throughout the chip formation process.

The above mentioned models successfully predicted the chip formation mechanism,
subsurface damage and cutting force but failed to map the relationship between the
cutting force and other key variables, such as cutting parameters, cutting tool
parameters and material properties. Several studies on CFRP cutting force have
adopted the Merchant shear plane theory for developing the constitutive approach [5].
Zhang et al. [16,17] developed a mechanical model to predict cutting force by
dividing the cutting zone into three regions: chipping, pressing and bouncing. The
model was also based on the shear plane theory and some fundamental material
mechanics principles. Since the chip-formation mechanism in composites machining
is different from that of metals, the cutting theories of metals cannot be directly
applied to composites. Recently, Zhang and co-workers [18] successfully established
the cutting force and deformation model for cutting UD-FRP composites (6=90°)
with and without vibration of tool tip. Their research established essential
fundamentals to understand the science behind the orthogonal cutting and the elliptic
vibration-assisted (EVA) cutting. However, situations for @ other than 90° have not
been investigated. To better understand the cutting mechanism of composites, Sahraie
Jahromi and Bahr [19] developed a new analytical method for predicting the cutting
forces (0=90°~180°) by applying the principle of virtual work. This model promoted
composites analytical research, transforming the composite from an equivalent
homogeneous material to a multiphase material. Based on this method, a more precise
cutting force model for 6 range from 0° to 90° was developed [20]. In this model the
supporting effect of surrounding materials was considered, and the deflection
differential equation was obtained by the principle of minimum potential energy.

The above literatures indicated that the CFRP material removal mechanism is
associated with the micro-failure of fibers, and relevant prediction models for cutting
force can be obtained based on such analysis. The objective of this work is to develop
a new analytical method, to identify the energy consumption law and the defect
formation mechanism in CFRP orthogonal cutting. Relevant experiments are carried
out to examine the established model.

2. Mechanics modeling

2.1 Analysis of energy distribution

The cutting mechanisms of CFRP are different for 0°<6<90° and 90°<6<180° [2].
This paper will focus on analyzing the mechanism of UD-CFRP cutting based on an
energy conservation method for the 0°<6<90°.

In CFRP orthogonal cutting process with a cutting speed V., the increment of external
work, Eext, IS given by FcVe. Under steady-state conditions, the energy remains



unchanged and the increment external work equals to the increment of dissipated
energy. As shown in Fig. 1, the dissipated energy in CFRP orthogonal cutting process
consists of: (i) Esurt, energy consumed for formation of new surfaces, (ii) Eric, friction
energy at the tool-chip interface, (iii) Ecnip, fracture energy for chip formation, (iv)
Edeb, €nergy consumption for subsurface damage (debonding in this paper). Therefore,
under steady state conditions, there is no change in elastic energy and the law of
energy conservation applies:

Eext= FcV= Esurf +Efric +Echip+Edeb (l)

Fig. 1 Energy consumption in orthogonal cutting of UD-CFRP

2.2 Energy consumed for new surface formation, Esurt

In the pioneering studies of machining [21,22], the calculated results of energy
associated with the formation of new surfaces was negligible and subsequent analyses
of metal cutting have been mostly on plastic deformation and friction only. This view
has been widely accepted until Atkins claimed that the work for new surface
formation was a significant component of the total work done in cutting [23].
Therefore the new surface fracture energy is given by

Esun‘ = Gcawvc (2)

As shown in Fig. 1, it is assumed that the toughness G, represents the total energy per
unit projected area dissipated in machined surface. For an orthotropic plate under
plane stress, the fracture energy Ge is related to the fracture toughness K¢ by

G, =KZ/E, 3)

Where E, is the modulus of the composite.
For a thin crack in an infinite sheet under tension normal to the crack, the fracture
toughness of the composite can be estimated as follows [24]

oF vol da?
K = -5 J(1-vol,)y, +——t
: (1—v2){( It oo,

c

(4)

where v, is the Poisson’s ratio of the composite. y, the fracture surface energy of
the matrix, and E, can be obtained by
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Where E, and v, arethe modulus and Poisson’s ratio of the fiber.

2.3 Friction energy at the tool-chip interface, Efric

The friction energy consumed at the tool-chip interface is estimated by the friction
force f on the rake face and the chip flow velocityV, . Comparing with homogenous
and ductile materials, CFRP is elastic-brittle and exhibits very little plastic
deformation or if any at all [25]. The plastic deformation during the cutting process
can be neglected and we haveV, =V, , the friction energy can therefore be given by

ch?
Eno=f-V, =1V, (6)

fric

The friction produced by normal concentrated force applied by the cutting edge is
given by f =-N. Based on the previous experimental study [26], the friction
coefficient increases with increasing 6 and the variation is range of from 0.2 to 0.35.
In this study, a friction coefficient of 0.3 was selected.

The loading condition which contributes to the friction force is shown in Fig. 2. In the
CFRP orthogonal cutting process, the chip formation mechanism was basically
determined by the fiber orientation [2]. As shown in Fig. 2(b), whené > y,, the chips
are formed by the matrix shear fracture along the fiber orientation. The force
associated with the matrix shear failure could be estimated by

F =a,a5S,/sind (7

Under this situation, chips are produced by shearing the matrix-fiber interface along
the fiber direction. Therefore, the shear plane angle can be replaced by fiber angle.
Based on the cutting force balance relationship, the force normal to the tool-chip
interface can be expressed as follows

_ FKcosp
Y ocos(0+B-7,)

(8)

where g =arctan u.
As shown in Fig. 2(a), when @ < y,, the chips are pelt off due to the force produced by
the rake face. The force could be expressed as follows [27]

21—
N, =K, U= Ve )Gy 87 S, cot y, cos S 9)
\/ Ecrm cosé

Combining Eq. (8) and (9), the force in the direction normal to tool-chip interface can
be expressed by

N, =K, fz(l_;EHM )G, a°”9 S, coty,cos 3,6 <y,
N = EHM cos (20)

3 F, cos S
Y ocos(@+B-7,)’

02y,



The force N is continuous with € and the boundary point of the functions is@=y,,
based on the mathematical properties of continuous functions, we have
N,(@=y,)=N,(@=y,) and the following equation can be obtained

cot y, cos

N, = m
cos(¢+ S —y,)cosd

(11)

a'C

Combining Eqg. (8) and (11), the friction force on the rake face can be expressed as

a coty,sin g o<y
©M cos@cos(6+ B -,) °
a,a.S,sin g 0>y
=70

singcos(@+ S —7y,)

and the friction energy on the tool-chip interface can be obtained through Eqg. (6) and
(12).

(@)@ <7y (b) 8=y
Fig. 2 Loading condition of rake face under different fiber orientation[20]

2.4 Fracture energy during the chip formation, Echip

According to the chip formation mechanism, when @ is lower than vyo, as shown in Fig.
3(a), Mode 1 fracture initiates along the fiber-matrix interface causing a layer to peel
and slide along the rake face [2]. With an increasing cutting tool feed, the chip
becomes a cantilever beam under a bending loading. Therefore, there are two fracture
processes taking place simultaneously, Mode 1 fracture along the fiber-matrix
interface (G,.) and bending fracture (G,) when the bending stress exceeds the
bending limit of fibers, before the chip formation, as indicated by the red dash line in
Fig. 3(a). Thus, the total energy consumption for single chip formation can be
estimated by

chlp =4 awG +—a'w IC (13)

whered is the chip block thickness which can be measured directly from experiment,
as illustrated in Fig. 3(a), and the frequency of chip formation can be expressed as
V. /d . Thus, the chip fracture energy (6 <y, ) can be expressed by
d a,V,

a G, +——
=( oy G)

(14)

chip chlp d



When y, <0 < 75°, as shown in Fig. 3(b), the chip formation process is predominated
by Mode II fracture under a compressive shear along the fiber direction [2], as
indicated by the thick red dashed line in Fig. 3(b). Thus, the energy consumption for
single chip formation when @ > y,can be estimated by

a.a,
=W G 15
chip Sin 9 1c ( )
Mode I fracture Mode II fracture ¥
/
q ! Tool
Ve
Gc
6
(@) 8 <vyy (b)8 =y

Fig. 3 Analysis for chip formation energy under different fiber orientation

Based on the chip thickness d, see Fig. 3(b), the frequency of chip formation can be
expressed asV -sin@/d and chip fracture energy for 6 = y,can be obtained
. V.sin@ Y/
E Eenip — d =G, aca\dN : (16)
Combining Eqgs. (14) and (16), the fracture energy during the chip formation can be
expressed as

chip =

d Vv
@G +— -G f<y,

E @17

chip =
aC VC
Gy ade 02>y,

where G is the mode | and G,is the II fracture toughness of CFRP along the
fiber-matrix interface, both of which can be obtained through the fracture toughness
tests.

2.5 Prediction of energy consumption for subsurface damage, Edeb

The cutting process shown in Fig.1 is an ideal state of energy distribution, while in the
real cutting process, the machining defects also need to be taken into consideration.
The extent of damage below the machined surface is considered as sub-surface
damage. It can be due to the damage of matrix or interfacial debonding or a
combination of both [13,14]. Fig. 4(a) shows a schematic view of fiber and matrix
deformation before fiber failure and creating new surface and the debonding below
the machined surface was produced owing to the bending of fiber (red line shown in
Fig. 4(a)). The loading condition on one representative volume element is shown in
Fig. 4(b). Before the analysis, the following assumptions are made based on earlier
studies [19,28],



(b)

Fig. 4 Schematic of (a) formation of sub-surface damage and (b) loading condition in
region highlighted by dashed line.

1. Analysis is based on plane deformation.

2. Shear stress in fiber is negligible.

3. No matrix extension or compression occurs.

4. Normal stress in the fiber produces no mechanical work during deformation of

fiber.

Referring to Fig. 4, a representative volume of composite consists of a fiber and the

surrounding matrix will bend under the concentrated force P (applied by the cutting

edge) and passive pressure py, the deflection equation can be obtained by the energy

method. The boundary conditions in this case can be written as

|x—0
d (18)
_ do
X=-0: o(-0)=0,—|__ =0
dx

The plane shear strain in the matrix materials can be obtained by the following
equation [28]
c+r . dw

Im=()— (19)
c " dx
and the shear stress can be expressed as
£ =Gy =G (0 42 (20)
c ~dx
Therefore, the strain energy of the matrix can be expressed by
1 L 1 C+ry,rk do,,

Un = An [ tnnté =2 AGH (=) [ () dx (21)

where

_ar*l-vol) INER
A TG, @)

The strain energy in the fiber due to bending can be expressed as

1k d?w
Uy =2 [ (7)o (23)



The work of passive pressure pp could be obtained based on Winkler foundation
model [28] and Zhang’s evolution [20]

L E (-
W, = Loa)dpb Z_TbL}o w*dx (24)
where Ejp is the equivalent Young’s modulus associating with Erand Em,
E.E
E =™ 25
* E,+E, (25)

The work of the concentrated force P can be expressed as
W, =P-w(0) (26)

Combining Egs. (21), (23), (24) and (26), the total potential energy in the process of

fiber deformation can be obtained

U=U,+U, -W,-W,

C+ry,pk da) @7)
NG

1w d’w., E L
=B )+ AnG — Yidr -2 [ w'dx—P-0(0)

Based on the principle of minimum potential energy, the first order variation of the
total potential energy equals to zero

oU =0 (28)
Thus, the following equation can be obtained
(4) r+c 2 n 2Eb
Bl (@)= AG,(——)'e’+ = 2o=0 (29)

Eqg. (29) is a differential equation with four orders, thus, four boundary conditions are
required to solve this equation. One of the bounding conditions can be obtained
through the fiber failure fracture. As shown in Fig. 4(a), the fiber is subjected to a
horizontal force W when the cutting edge is in contact with workpiece, this causes the
material to yield and creates a new machined surface (red dash line in figure).

This process can be viewed as the contact between a circular cylinder (tool nose) and
a plane (workpiece material), as shown in Fig. 5. The distribution of the normal
pressure in the contact zone can be described by the following equation [29]:

2

p=p. (- (30)

<k
Qgi
&
PuH
N
b

(b)
Fig. 5 (a) Conversion between two coordinate systems and (b) stress distribution in
the contact zone.



where p,, =2W / zba, and half-width of the contact zone b= (4Wr,/zLE")"?, and
E" is the equivalent elastic modulus in the contact zone. The equivalent elastic
modulus can be obtained through the following equation

1 _1_Utiol 1_U§x
E E E

tool X

(31)

*

vZ, is a parameter dependent on @, which ranges from 0.1 to 0.3, here we use the

yX
mean value 0.2 for simplify. E, is dependent on 8 and can be expressed through the

conversion between two coordinate systems (as shown in Fig. 5)

Ei:icos40+(i—ﬂ)sin2900520+Eicos“6? (32)

X E1 12 2

The fiber fractures when the tensile stress in the fiber reaches its tensile strength [18].
The tensile stress in the fiber can be described by [30]:

o = % (0, +0,)+ %[(ax +o,) + 472 (33)
Details for calculating the Cartesian components of stress field (o,,0,,7,,) can be
found in [31].
The concentrated force W can be expressed as resultant force of friction force along
the fiber and bending force P . Thus, the bending force can be obtained as

P =W cosé (34)

Thus, the deflection of the representative volume element (Fig. 4(b)) in x=0when
the fiber fracture initiates can be estimated as

P
o= 35
(0|x70 k ( )

m

Where k., is the modulus of the foundation equivalent homogeneous material
(EHM), which can be obtained by [32]

0.95E D o
K =— ehﬂ[ } (36)

" (1_Ue2 Eflf(l_uezhm)

hm
Combing Eqg. (18) and (35), the differential equation (Eqg. (29)) can be solved. In this
work, the software Matlab was used. From the result of the deflection function w(x),
the debonding point X, below the machined surface can be determined as

a)(xd):C%, X, <0 37)
where o, is the bonding strength of matrix and fiber interface. From Eq. (37), the
subsurface debonding length can be estimated to be |x,|—r,. The formation
frequency of debonding is V_sin&/2c . Therefore, the energy consumption for
subsurface damage can be expressed as
. V, -sin@
Een =Glaw(|xd|_re)

o (38)




The models above are concerned with four types of energy consumed during CFRP
orthogonal cutting process and the horizontal cutting force can therefore be expressed

E..+E..+E, +E
Fc — surf frlcV chip deb (39)

C

3. Experimental

Experiments were conducted to measure the cutting force. Fig. 6 shows the schematic
of the experiment setup. Orthogonal cutting tests were carried out using specially
designed cutting tools on a JOHNFORD (VMC-850) vertical machining center. The
tool matrix material is tungsten carbide and in order to ensure the sharpness of cutting
edges, the tool is uncoated. The rake angle and clearance angle are 15° and 20°,
respectively and the rounded edge radius is 5um. The tool spindle was locked to
ensure no rotational motion during the tests. Each test with a special parameter
combination was repeated twice. The cutting speed (Vc) was kept 0.5 m/min and depth
of cut (a,) were 0.1mm and 0.2mm. A Kistler three-direction stationary dynamometer
(9257) with supporting Kistler charge amplifier (type 5070) was used, and data
acquisition board and Kistler software were deployed for the horizontal and vertical
directions cutting force measurements.

Workpiece

Data acquisition

| 1
Charge amplifier
Kistler(5057)

Fixture -

\\'ork: table

Fig.6 Schematic of the experimental setup

Workpiece materials used in this work were T700/5250BMI unidirectional laminates,
which were isotropically layered. The stacking sequences is designed as [0°]as, the
thickness per layer is 0.125mm, the final total thickness of the final workpiece is 5mm.
Other material properties are given in Table 1. In the orthogonal cutting tests, CFRP
laminates were cut into small sheet (90mmx50mm). The orthogonal cutting at
different fiber orientations can be achieved by cutting the 0° CFRP laminates from
different directions. When the tool feeding direction rotates and coincides with fiber
orientation, the angle of rotation will be defined as the fiber orientation angle, 6. In
this paper, the selected fiber angles were: 0°, 15°, 30°, 45°, 60°, 75° and 90°. During
the cutting process, the produced chips for different fiber angles were also collected to
obtain their size by scanning electron microscope (SEM).

Table 1 Material properties of CFRP workpiece

Fiber radius(r) 3.5um Fiber volume fraction (voly) 0.6
Shear modulus of matrix(G,,) 1.02GPa  Young’s modulus of fiber(Ef) 230GPa
Shear strength of fiber (o) 0.38GPa Bonding strength of interface (o) 30MPa




Transverse Young’s modulus (E.p,,) 5.6GPa Poisson’s ratio (V;5) 0.3
Young’s modulus of matrix(E,,) 2.7GPa Young’s modulus of tool (Ey) 700GPa

4. Results and discussion

4.1 Chip thickness analysis in CFRP orthogonal cutting

P T

—&— Rake angle=15°,
feed=0.2mm

- ¢ - Rake angle=20°,

feed=0.2mm

150 -

75 d=-3.1638*0+332.6
R"2-0.9353
0

0 10 20 30 40 50 60 70 80 90
Fiber orientation (deg)

Chip thickness (pm)

Fig.7 SEM observation results of chip thickness with different fiber orientation: (a)
6=30°, (b) 6=60°, (c) #=90°and (d) linear fitting curve based on experimental results.

The chip thickness is a required parameter for calculating the chip formation energy
in Eq. (17). Fig. 7(a, b, c) presents the observation results of cutting chips with §=30°,
6=60° and #=90°. The chip thickness (as marked with double-headed arrow) can be
measured by SEM and 20 different chips’ measured values for each fiber orientation
were obtained and the corresponding mean value was shown in Fig. 7(d). It can be
found that the chip thickness decreases with the 6 and the influence of yo on chip
thickness is relatively small. A linear fitting on the experimental data gives d =
—3.1638 * 6 + 332.6. This expression will be used to estimate the value of chip
thickness under different 9 in Eq. (17).

4.2 Deformation and debonding depth of fiber

Fig. 8 shows the fiber deformation before fiber fracture occurs during the orthogonal
cutting with cutting depth a, =0.1mm and cutting speed V, =0.5m/min . The fiber
bending due to the contact pressure of cutting tool nose is presented. The blue line is
the deflection of fiber when tensile stress in the fiber reaches the tensile strength,
leading to the largest deformation of fiber and matrix. Under such condition, the
debonding depth can be obtained through interface bonding strength (o, ). As shown
in Fig. 8, the horizontal red line is the limiting deflection value of fiber, when the
deflection exceeds this value, the stress at the interface will be larger than the bonding
strength and subsurface debonding damage will occur. Combining the coordinate
values of (X, ) and cutting tool nose radius (r, ), the debonding length can be obtained.



When the 6 is 60°, the maximum deflection of fiber is 1.48um and the debonding
length is 7.76pm. The variation of debonding damage against 6 is shown in Fig. 9.
The subsurface damage increases as 6 changes from 15° to 90. The effect of yo on
subsurface damage due to matrix degradation is not significant; although, the damage
decreases with increasing yo for all depths of cut [13]. The curve shown in Fig. 9 is
quadratic fitting curve for six calculated values, the expression of which was also
obtained for cutting force and subsurface damage energy prediction in the following
section.

o(pm)|

Debonding length

o(x)=2c0/Ep

0.5+
/ E

0 L 1 L 1 1 I

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

Deflection of fiber

X (um)

>

Fig. 8 Deflection of fiber and subsurface debonding length in orthogonal cutting of
UD-CFRP (r, =5um, 8 =60")

¢ Calculated value

—
[ ¥}

— Fitted curve

-]

f(6) = -0.0013%6"2+ 0.3388%0 - 4.692
R*=10.9893

Debonding length (um)

0 20 40 60 80 100
Fiber orientation 0 (deg)

Fig. 9 Variation of subsurface debonding length as a function of fiber orientation

Fig. 10 illustrates the machined CFRP surfaces with different 4. It can be seen that the
6 have great influence on the machined surface integrity. The subsurface debonding
length is much smaller for a lower 6, leading to a much smoother surface with
negligible surface damage (6= 0° or 30°), see Fig. 10(a, b). However, obvious surface
damage can be observed when the 4 is 60° and 75°, see arrows in Fig. 10(c, d). As
discussed in Section 2.4 on the mechanics of fiber deformation, the deflection of fiber
increases with increasing 6. This can lead to larger fiber-matrix debonding depth and
surface defects as shown in Fig. 10(d). The experimental results are in good
agreement with the analysis model presented earlier.
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Fig. 10 Machined CFRP surfaces with fiber orientation (a) 0°, (b) 30°, (c) 60°, (d)
75°.

4.3 Cutting force prediction and cutting energy distribution analysis

Fig. 11 shows the comparisons of predicted and experimental cutting force using the
analytical method for y, = 15°and 20°. As can be seen, 6 has a significant effect on
the force. The cutting force increases with increasing of 6. As indicated by the red
arrow in Fig. 12, there is a discontinuity point in the predicted cutting force, which is
due to the change in the chip formation mechanism [19]. When the 6 is smaller than
vo, @ Mode 1 fracture initiates along the fiber-matrix interface causing a layer to peel
off; however, when the & exceeds the yo, the chip formation process is predominated
by Mode II fracture.

It can be seen that there is a difference between the predicted and experimental results.
The reasons can be summarized as follows. (i) Deviation of material properties used
in developed model. The prediction of cutting force from the proposed theory is based
on the macro-mechanical properties of fiber and matrix; however, in small
deformation zone, the strength of fiber will be higher since the probability and
number of defects in the smaller area will be less [31]. (ii) The value of G¢ in the
developed model is estimated through Eq. (3, 4). The difference between theoretical
and practical values of G is an important parameter affecting the accuracy of the
proposed model. (iii) The irregular fiber distribution in the workpiece material from
producing process, can also cause varying fiber volume fractions and lead to variation
in cutting force. For the cutting force prediction model in the CFRP orthogonal
cutting, the most published literatures were focused on the equilibrium of cutting
force, and three characteristic regions, i.e., chipping region, pressing region, and
bouncing region, were analyzed respectively. The cutting force was obtained by



resultant force of these three regions [19, 20, 33]. The energy model presented in this
paper is based on the fracture toughness and chip thickness, the precision of the model
is similar comparing with the force equilibrium method.

Rake angle=15°
(a) a6 T r T =
—e— Predicted cutting force
[ | —®— Experimental results (mean value)

i i L
40 50 60 70 80

H e 1
0 10 20 30
Fiber orientation (°)

Rake angle=20"

—e— Predict cutting force
2k .
“[""|—®— Experimental results (mean value) |

Cutting force (N/mm)
s o ' "

evtin® @ 7
Fig. 11 Predicted and experimental cutting forces vs. fiber orientation, (a) rake angle
is 15° and (b) 20°.

The influence of cutting parameters and fiber orientation on specific cutting energy in
CFRP orthogonal cutting was studied. The specific energy will decrease with
increasing of cutting speed and depth of cut [34]. However, the influence of yo and &
on the cutting energy distribution in CFRP orthogonal cutting process has not been
reported in the literature. Based on the proposed model in this study, the proportion of
energies associated with new surfaces formation (Esurf), chip formation (Ecnip), friction
(Etric), and subsurface debonding (Edeb) in cutting process were presented in Fig.12. It
is clear that the proportion of each energy varies with fiber orientation, i.e., Esurf and
Eic decrease with increasing 6, while Ecnip and Eqen Show an opposite trend. In CFRP
cutting, the surface formation energy appears to be the predominant component in the
cutting process, which is consistent with the results claimed by Atkin [23] for metal
cutting process. As shown in Fig. 12(a), the percentage of energy for new surface
energy formation ranges from 49.2% to 23.2% when yo is 15°. On average, the energy
consumed for tool-chip friction is the greatest, followed by new surface formation,
subsurface debonding and chip fracture.



It is clear that the proportion of each kind of energy varies with fiber orientation, i.e.,
Esurf and Efric decrease with increasing 0, while Echip and Edeb show an opposite
trend. Owing to the sub-surface debonding length increases with &, which this leads to
Eqeb increase as well. In the CFRP orthogonal cutting process, chip formation
mechanism is dependent on the fiber orientation [35]. When & is lower than yo, Mode
| fracture initiates along the fiber-matrix interface causing the formation of a chip; and
when y<6<75°, the chip formation process is predominated by Mode fracture along
the fiber direction [2]. The value of fracture toughness of Mode I is smaller than the
Mode 11, this would cause proportions of Echip increase with increasing of 0. The
cutting tool rake angle is another important factor influence the energy proportion
when 0 is lower than yo. Larger yo leads to lower Eic but higher Echip, Esurf and Egeb.
This might be caused by the decreasing normal force on the rake face of cutting tool
with larger yo. When 0 is larger than yo, the rake angle almost has no influence on the
results.
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Fig. 12 Proportions of total energy due to (a) creating new surfaces, (b) chip
formation, (c) friction and (d) subsurface debonding.

5. Conclusion

This paper has established the mechanic model of cutting unidirectional CFRP
composite deploying an energy method. Four energy consumption pathways have
been proposed, which are energies for new surface formation, friction, chip fracture
and subsurface debonding. The validity of the model has been verified by experiments.
The proposed model indicates that, fiber orientation has a significant impact on the
cutting forces in unidirectional composites.



From the modeling results, the energy consumed on tool-chip friction is the greatest,
followed by the energy for new surface formation, subsurface debonding and chip
fracture. The percentage of each energy varies with fiber orientation, with the energy
for new surface formation and friction decrease with increasing fiber orientation angle,
whereas energy for chip formation and subsurface debonding increase with increasing
fiber orientation.

The proposed model is in agreement with experimental data. This demonstrates that
the energy consumption method is an effective way in predicting cutting force and
facilitates mechanical analysis in CFRP cutting process.
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