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Abstract

The high quality machining of carbon fibre reinforced thermoplastics (CFRTPs) is still
a considerable challenge. It is a hot research topic to discuss the influence of machining
parameters on the force and damage of CFRTP workpiece by simulation method with low
cost. However, in the three-dimensional (3D) cutting process of CFRTP, the dynamic elas-
tic—plastic deformation process of the material under complex loads and the failure of dif-
ferent modes are involved, therefore, it is difficult to accurately simulate the cutting process
including the formation of chips and damage. To solve this problem, this paper proposes
a new CFRTP elastic—plastic damage model by combining the CFRTP 3D elastic—plastic
model and failure criteria (consists of Hashin’s criteria, Puck’s criteria and the failure cri-
teria based on strain energy density) that take into account multiple damage modes. Based
on the proposed novel material constitutive model, a finite element (FE) model of the 3D
orthogonal cutting of CFRTP is established. The material removal process, chip morphol-
ogy and cutting force under four typical fibre orientations are predicted, and the results
show that 0° fibre orientation produces C-shaped long chips, and 45° fibre orientation pro-
duces curled long chips. For the 90° and 135° fibre orientation, the chips are fragmented,
and the damage is more serious. The simulation results agree well with the experimental
results in terms of chip shape and cutting force, which verifies the validity of the model.
Then, the effects of fibre orientation, tool rake angle, tool edge radius and cutting depth
on subsurface damage and cutting force are investigated. The subsurface damage depth
and cutting force maintain roughly the same trend as the machining parameters change,
so reducing the cutting force helps reduce machining damage. The results of this study are
helpful for designing tool structures and optimizing process parameters, which are of great
significance for suppressing damage in CFRTP machining.
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1 Introduction

Fibre-reinforced polymer composites (FRPs) have attracted extensive attention in recent
years due to their excellent mechanical properties, remarkable lightness in mass, strong
thermal durability and corrosion-resistant performance [1-3]. In particular, carbon fibre
reinforced thermoplastics (CFRTPs) also own the advantages of short molding cycle, easy
to repair and reuse of waste materials [4]. These characteristics are of great assistance for
the equipment to achieve performance improvement and weight reduction, and can sig-
nificantly minimize the time cost and resource waste during the manufacturing. Therefore,
such materials are showing great potential for adoption within the aerospace, transportation
and robot fields [5, 6]. The production procedures of the CFRTP equipment mainly include
laying, curing, machining and assembly. During the machining process, the edges of the
cured parts are always required to be trimmed and a large number of connecting holes are
generally drilled on the workpiece [7]. These trimming and drilling processes should be
carefully conducted to assure that the components meet the desired dimensional tolerance,
surface quality and other functional requirements during the assembly [5]. Furthermore,
since the high-end equipment fabricated by CFRTPs is often subjected to extreme loads
and the service environment is complex, the processing quality of the CFRTP parts is
always under strict control to ensure well service reliability.

However, the machining of CFRTPs with high quality remains a considerable challenge.
The CFRTP workpiece consists of fibres, matrix and interface on the micro scale, and it
shows strong anisotropy and stacking features on the macro scale. These complex material
composition and structural characteristics make the local failure and the damage propaga-
tion of the CFRTPs completely different from the homogeneous metals. Due to the mate-
rial property variations in the various constituent phases, serious damages including fibre-
matrix debonding, fibre pull-out and delamination are inevitable to occur in the machining
process. In addition, the toughness of the matrix in the CFRTPs is remarkably enhanced
compared with that in the carbon/epoxy composites. Therefore, the matrix is prone to plas-
tic deformation under the push action of the tool during cutting, and the material is hard to
be effectively removed and the damages could hence be further aggravated [5, 8]. These
damages could seriously destroy the structural integrity of the workpiece and significantly
reduce the service life of the components. In this case, to achieve low damage and high
efficiency machining of thermoplastic composites, it is necessary to in-depth analyse the
damage formation process and assess the influence of processing parameters on damage,
and thus optimize tool geometries and cutting conditions.

Experiment is usually the most direct research method, and some studies have been con-
ducted to explore the forces and damage response in the CFRTP machining [4, 5, 7, 9-12].
Hocheng et al. [9] experimentally assessed the influences of the feed rate, cutting speed
and drill bit geometry on the drilling force and edge damage of the CFRTP workpiece. It
was found that the delamination and burring were most sensitive to impetuous feed of the
drill, and small point angle or more wear-resistant tools could reduce the level of damage.
Kim et al. [7] investigated the hole surface quality and damage distributions of the CFRTPs
by drilling the composite workpieces under various feed rates and spindle speeds. They
concluded that, at the high feed rate of 0.25 mm/rev, delamination occurs at the fibre orien-
tation of 60°-120°. Xu et al. [4] evaluated the delamination in the drilling of carbon/poly-
imide and carbon/PEEK composites with different cutting conditions. The results indicated
that larger delamination was induced on the carbon/PEEK composite, and the delamination
factor decreased with the increase of the cutting speed or the reducing of the feed rate for
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both of these two materials. These studies could help to minimize the damage generated in
the machining of CFRTP composites. However, the experiment is a time-consuming and
costly method. Abundant composites and tremendous amounts of tests are demanded when
assessing the effects of the tool geometry and processing parameter on the damage by
experiment, which results in high cost and waste and low efficiency. In addition, the fibres
present in the chips are potentially harmful to the experimenter. Therefore, a novel way
should be developed to further analyse the damage initiation process and damage response
in the machining of CFRTP composites.

Apparently, the finite element (FE) simulation is a cost-saving and environmental pro-
tection method. With the FE simulation, the parametric studies on the damage could be
done conveniently by revising the input processing parameters, fibre orientation and mate-
rial properties. In other words, the numerical modelling is more suitable to investigate the
damage formation mechanism during the machining of composites. When simulating the
composite machining with the FE method, the material model of the workpiece should be
accurately defined at the initial stage [13]. Taking the carbon/epoxy composites which have
similar material composition and structural features to the CFRTPs as an example, elastic
material behaviour, Hashin criteria and damage evolution laws are frequently applied for
the simulation of carbon/epoxy composite cutting [14, 15], drilling [16, 17] and milling
[18]. Therefore, the material initial response model, damage initiation and evolution crite-
ria for the CFRTPs should be determined to accurately characterise the material behaviour
of the workpiece during the processing. At the same time, the CFRTPs possess more capa-
bility for plastic deformation and show more ductility than the carbon/epoxy composites
[9], thus the plasticity of the CFRTPs and its effect on the damage formation should be
considered in the material modelling process.

Based on the continuum damage mechanics (CDM) and the theory of plasticity, a few
studies have developed elastic—plastic damage models for the CFRTPs to analyse the mate-
rial behaviour and damage propagation [19-23]. Weeks et al. [19, 20] predicted the mate-
rial responses of the angle ply CFRTP laminates by using a one-parameter plastic poten-
tial function to describe the non-linear stress—strain relations. Chen et al. [21] proposed
an elastic—plastic damage model to characterise the mechanical behaviour of the CFRTP
laminates, wherein the plasticity of the composite was defined by an equivalent form of a
one-parameter plastic yield function and the damage was initiated based on the theory of
Hashin. With this material constitutive model, they analysed the influences of the num-
bers of perforated holes on the stress distribution, damage progression patterns and fail-
ure sequences of the composite-metal laminates under tensile loading [22]. By developing
a FE analysis model with an elastic—plastic damage model implemented, Liu et al. [23]
simulated the impact behaviours of CFRTPs, and the effects of the impact energy on the
load responses and damage extent were assessed. However, in these works, CFRTP work-
pieces were mainly subjected to uniaxial, multi-axial or impact loads, while the CFRTP
three-dimensional (3D) cutting process involves the dynamic elastic—plastic deformation
process of materials under complex loads and different modes of failure. Therefore, it is
difficult to accurately simulate the cutting process including the formation of chips and
damage. In addition, it could be indicated from previous research that the failure and dam-
age development of the CFRTPs depend on the fibre orientation and cutting parameters,
thus parametric studies should be done to optimise the processing parameters and to sup-
press the damage.

The main objective of this article is to in-depth analyse the damage response in the
machining of CFRTPs under various processing conditions. To this aim, a 3D numerical
model for the CFRTP cutting is proposed by defining a novel elastic—plastic damage model.
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In this material constitutive model, the mechanical behaviours of the composites including
the plasticity are characterised by utilising a plastic yield function consisting of the various
stress components, and the initiation and evolution of the damage with different modes
are determined based on the Hashin and Puck criteria and the CDM. Then, the orthogonal
cutting of unidirectional CFRTPs under four typical fibre orientations is modelled and the
cutting forces and material removal processes are predicted. These results are compared
with the experimental observations to verify the FE model and the elastic—plastic damage
model. Subsequently, the changes of the subsurface damage extent with the fibre orienta-
tion, tool rake angle, tool edge radius and cutting depth in the cutting of CFRTP laminates
are numerically investigated using the proposed FE model.

2 Numerical Model

In this section, details of the numerical model for the CFRTP cutting including the elas-
tic—plastic damage model, geometric model and boundary conditions are introduced.

2.1 Elastic-plastic Damage Model

The elastic—plastic damage model contains the material initial response model, damage ini-
tiation and evolution criteria. For the material constitutive model, a plastic model is desig-
nated to characterise the plastic behaviour of the CFRTPs. The commonly applied Hashin
and Puck criteria that are based on material strength are adopted to predict failure with
different modes, and the failure propagation is described by linear damage evolution laws.
Moreover, Zenia et al. [24] successfully defined a combined elastoplastic-damage model to
analyse the cutting of carbon/epoxy laminates by utilising the failure criteria developed by
Ladeveze and Lubineau et al. [25, 26] on the basis of the strain energy density. Therefore,
these criteria are also involved in this work to simulate the damage onset and growth.

2.1.1 Stress—strain Relationship

Generally, the CFRTPs exhibit both elastic and plastic response, and the total strain tensor
€ is the sum of the elastic strain tensor £¢ and plastic strain tensor &” [24, 27].

e=¢€‘+¢ (1

where bold-face symbols are used for variables of tensorial characteristics, and the plastic
strain tensor €” represents all the irreversible deformations of the workpiece.

According to the fundamental concepts of the CDM, micro cracks and voids appear
within the material under loading before the macro fracture of the workpiece. These micro
damages could lead to the reduction of the material properties such as the moduli and
strengths. In order to quantify the performance degradation, a damage factor d is applied,
and an example is given here to explain its function. As shown in Fig. 1, when the material
is subjected to the uniaxial load F, the induced micro damage (black dots in Fig. 1a) could
result in the reduction of the effective load bearing area, from the cross-sectional area A of
the original specimen, to the reduced effective load bearing area A (see Fig. 1b) [28]. The
area A reads:
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Fig.1 Change of the effective - P
load bearing area due to micro P = (e A

damage: (a) cross-sectional area
with micro damage; (b) reduced
effective load bearing area [28,
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In this case, the transmitted stress in the damaged material o (Fig. 1a) could be derived [28,
29]:

F_5-A

c=—=—-=(1-4d)s 3
2= = ( ) 3)
where o is the Cauchy nominal stress tensor, & denotes the effective stress tensor and repre-
sents the stress in the assumed undamaged material (Fig. 1b).
Then, the stress—strain relationships for undamaged and damaged materials are presented

as [21, 22]:

QA
Il

“4)

SO

In which, symbol (:) denotes the inner product of two tensors with double contraction. C,,
and C}, are the stiffness matrices for the undamaged and damaged unidirectional CFRTPs,
respectively, and they are expressed by Eqs. 5-8 [30].
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C= )

Cy = (1 - "23"32)1511/A

Cyp = (1 - "13‘/31)E22/A

Cy = (1 - "21"13)1533/A

y Ciy = (Vip + vaovi3) Eny /A (6)
Ci= (V13 + "12"23)1533/A
Cy3 = (Va3 + vayvi3) Ezs/A

A=1=vpvy = va3vzy = Vizva — 2V V3 Vg3

L

CD 11 CD 12 CD13
CD22 CD23

- Cpss
Cp = Symmetric Gppo ™

Cpn = =dDE (1 = (1 = dy)(1 — d3)vy3v3,)/A
Cpp = (1 = dy))Ep(1 = (1 —d)(1 = d3)vi3v3)) /A
Cpsz = (1 = dy)Es(1 = (1 —d)(1 = dy)vipvy)) /A
Cpip = (1 —d)(1 = dy)E (vy; + (1 = d3)vyzvsy) /A
Cpiz = (1 =d)(1 = d)E, (v3; + (1 = dy)vy v3p) /A
J Cpos = (1 = dy)(1 —d3)En,(v3y + (1 = dy)vipvs)) /A ®)
Gpip = (1 =dp)Gy,
Gpi3 =1 -d3)Gy5
Gppz = (1 = dy3)Gy3
A=1-0-=d)A=dy)v(vy; + (1 =d;3)va3vs))
—V3pVa3 + dyVa3Vz + d3Vysvay — dydzvizvs,
—(1 =d)A = dy)viz(vs + (1 = dy)vy vap)

where the subscript 1, 2 and 3 represent the longitudinal direction, transverse direction and
through-thickness direction of the unidirectional composite laminates, respectively. E;;, G;,
and vy, (i, j=1, 2 and 3) are respectively the original Young’s moduli, shear moduli and
Poisson’s ratios of an undamaged ply. d; and d;; (i, j=1, 2 and 3) are the damage factors in
the longitudinal, transverse, and through-thickness directions and the three shear damage
factors, respectively.

2.1.2 Plastic Model

For the damaged composites, the internal stress generated by the external load is borne
by the undamaged part of the material. Therefore, it could be supposed that the plastic
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deformation occurs in the effective area of the damaged material, and the plastic flow and
hardening laws are related to the effective stress. In this case, the plastic yield function
expressed in terms of effective stress tensor 6, equivalent plastic strain £” are adopted in

this research [21, 31]:
F(5,8) = f'(3) = 0,(") ©)

where f? is the plastic potential, o, is the current yield stress which represents the harden-
ing law. In this equation, the yield function F is less than or equal to zero if no plasticity
occurs; while when F is greater than zero, the material has already yielded. Note that the
equivalent plastic strain £” is a scalar, and it never decreases because of the irreversibility
of the plastic deformation.

The current work analysed the stress—strain relationships of the CFRTPs in the longitu-
dinal, transverse and through-thickness directions and the three shear planes to define the
plastic potential function f7, as shown in Fig. 2. It is assumed that the material behaviour
in the longitudinal direction is elastic, and there is no plastic flow in this direction (see
Fig. 2a). Thus, the plastic potential function is determined to be independent on the longi-

tudinal effective stress G, [31, 32]:
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Fig.2 Stress—strain relationships of the CFRTPs: (a) longitudinal direction; (b) transverse direction; (c)
through-thickness direction; (d) three shear planes
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p_ [x2 L2 =2 2[~2 4 =2
fP= \/612 +65,+6,;+¢ [622+O'33] (10)

where &,, and 65, are the effective stresses in the transverse and through-thickness direc-
tions, respectively. &,,

&5 and 6,5 denote the effective stresses in the three corresponding shear planes. ¢ is a
coupling parameter which describes the level of plastic deformation developed under nor-
mal loads compared to the shear loads.

Due to its extensive application, the isotropic hardening law expressed in terms of
equivalent plastic strain £” is adopted [31, 32]:

0,(&") = Ry + p(&")" (n

In which, R is the initial yield stress (R;), f and p are the hardening parameters.
On the basis of the plastic flow rule, the increment of the plastic strain tensor reads [27]:

de? = A/lg—F (12)

where A/ is a nonnegative plastic consistency parameter (plastic multiplier). Then, the
equivalent plastic strain increment could be derived by substituting Eqs. 9-12 into the
equivalence principle of the plastic work increment dWP = fP(G) - d&” = 6 : deP [24, 32]:

de’ = A4 (13)

2.1.3 Numerical Implementation for Plasticity

The numerical simulation of the above nonlinear and irreversible material model is an
incremental process, and the loading history is discretised into a series of time intervals
[tn,tn +]],n € {0,1,2,3,- - -}. In this case, by referring to the stress—strain relationship in
Egs. 3 and 4, the plastic yield function in Eq. 9, the hardening law in Eq. 11 and the plastic
flow rule in Eq. 12, the implicit integration algorithm could be formulated as Eq. 14 [24]
using the radial returns predictor algorithm based on the backward Euler integration proce-
dure. Where o-’”‘” is the trial stress tensor; the subscript # and n+ 1 represent the variables
in the previous and current increment step, respectively.

E,41 =€, T Ag,,

&”f( =5, + c0 D Ag,y,

A = AAVI‘FI 30‘ "

?Zﬂ =&+ A&ﬁ (14)
e = ep+Aep

5'
Fn+l( n+1?o- (6Z+ )) <TOL

Driven by the strain increment A, in the current step, plastic variables Ae?, , A&

could be determined according to Eq. 14. Then, combined with the variables €, €7, &, 5,
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in the previous increment, the variables €, +1""j:, +],£fl 1> Ony1 ATE updated. These stresses
and state variables are stored and passed to the next increment. The solution of this discrete
problem for the elastic—plastic material model could be explained in detail as follows. For
a given load step, the increment is assumed to be elastically dominated at the beginning
of this step and Ae;' +1 =0, and the element of the workpiece has not yield. Under this
circumstance, the total strain increment Ag,,; = Asfl T and the trial stress G:L’i”l’ could be
easily calculated utilising the elastic stiffness matrix. Then, 6';’i"ll is substituted in Eqgs. 9
and 10, and to evaluate whether the current load step is in the elastic or plastic domain.
If the obtained F,, is less than or equal to zero, no plasticity is occurring during the cur-
rent increment indeed, and the procedure is processed to the next load step. Otherwise,
plastic deformation has been produced and the plastic strain is determined by applying the
iterative algorithm as described below. According to the plastic consistency condition, the
stress and strain tensors on the yield surface should satisfy F =0 and dF = 0, and this
leads to compute the plastic strain [24]:

(0F /05)C

de’ =
(0F /08)" C(0F /05) + (90, /d&P)

de =a-de (15)

Once the plastic yield function is greater than zero, the stress tensor should be returned
to the yield surface. To this aim, Eq. 15 is implemented in Eq. 14 to calculate the plastic
strain tensor and the equivalent plastic strain using the normal of the last yield surface, and
then the trial stress is corrected. This new trial stress is substituted in Eqs. 9 and 10 again
to compute the new F, |, and the above process is conducted repeatedly to ensure that the
final F,, is less than TOL. Where TOL represents the chosen error tolerance and equals
to 1 X 107 in this research. The whole iterative correction procedure based on the radial
returns predictor algorithm is illustrated in Fig. 3. It should be noted that the total strain
remains constant during the iteration, and the undamaged material stiffness tensor is used
in both the trial stress and plastic corrector calculations.

Fig.3 Schematic diagram of the
iterative correction procedure F n+1 < TOL (err or to ] eranc e)
[ A
AN
\
\ \
\ N\
\
\
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From the above procedure, the plastic strain tensor EZ .1 1s acquired. The Cauchy stress
tensor is updated as below [24]:

0,1 =Cp (8n+1 - £Z+l) (16)

This work utilizes the Abaqus/Explicit commercial software to simulate the CFRTP
cutting, hence the procedure described in this section should be implemented into the FE

Initial condition: k=0
e, Aepiq, €0, 60 0,,5 5, dy
Elastic plredictor:
Eny1 = Eq T A&y
& =&b &b = &b
&;(rial =0pn + COA£n+1
4

Compute the yield criterion:

F = fP @ — 0, (£7)

v

Check the yield criterion: Yes

Fj, < TOL(error tolerance)

Compute the plastic multiplier 42, and

updating the cumulated plastic strain &, ,

3 E
+
I Plastic corrector Updating:
~ oF Update stress:
Aep =AA vl ~ _ ~=trial
k k oG Ont+1 = Ok
¥
Calculate:

P _ aP
Epyr = & T A4

P _ P P
€1 = &t A,

6k+1 = CO(£n+1 - ££+1)
12
Check for the failure and

Compute the damage factors, d,.;

V

Update the stress vector 6,,,4

. . »
and the plastic strain vector £},

Fig.4 Flow chart for the solution procedure of the constitutive model
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software through the user-defined subroutine VUMAT. A flow chart is provided in Fig. 4 to
make the procedure easy to understand.

2.1.4 Damage Initiation and Evolution Laws Based on the Strength

The fracture process of the CFRTPs under intensive loads is quite complex, and the various
damage modes including fibre tensile failure, fibre compressive failure, matrix tensile fail-
ure and matrix compressive failure happen frequently. Previous studies [33, 34] have applied
combined Hashin and Puck criteria for the simulation of low velocity impact testing, and the
results indicated the successful prediction for the individual damages of composites with the
good agreement with experimental measurements. Therefore, this paper cites the damage the-
ories proposed by Hashin [35, 36] and Puck [37-39] too to simulate the damage initiation of
the unidirectional CFRTPs during the cutting. Specifically, the Hashin criteria are selected to
predict the fibre fracture and matrix tensile failure, and the matrix compressive failure is esti-
mated based on the research of Puck:
Fibre tensile failure:

>0 _ (%1 : T2 ? 713 2.
o 2 _)fft = X_ + S_ + S_ ’f_;‘t >1 a7
T 12 13

Fibre compressive failure:

2
o
0'”<O—>];»C=(%> S 21 (18)
c
Matrix tensile failure:
2 2 2
0320 [, = <@) +(ﬁ> +(ﬁ> 21 19)
Yr Sz 2
Matrix compressive failure:
2 2
622<0_)fmc= <T—T> +<T—L> ’fm¢21 (20
Sr — uro, Sy — HLo,

where fis the failure initiation index. The subscripts f and m express the fibre and matrix
failure, respectively; the subscripts ¢ and ¢ symbolise tensile and compressive failure,
respectively. X, and X~ denote the tensile and compressive strengths of the unidirectional
CFRTPs in the longitudinal direction, while Y; is the tensile strength in the transverse
direction. S; (i, j=1, 2 and 3) is the corresponding shear strength.

The unidirectional CFRTPs are usually fractured along a plane with an angle to the
through-thickness direction under compression loading in the transverse direction, and the
angle is defined to be 0 in this work as shown in Fig. 5. 6,,, 77 and 7, in Eq. 20 are the traction
stress components in the normal, transverse and longitudinal directions on the fracture plane,
respectively. They are obtained from the components of the stress tensor and the fracture plane
angle 4 [38, 39]:
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Fig.5 Fracture plane of unidirec-
tional CFRTPs under transverse 3
compression loading

0,=0,C08% 0 + 0435in> O + 27,35in O cos O
77 = (033 — 6, )sin 0 cos 6 + 73 (cos?0 — sin®0) (21)
T; = 73;5in 0 + 7,,cos 0

S,=Yc/2tan(9) and S,=S,, are both the shear strengths in the fracture plane. Y. is the
compressive strength in the transverse direction. y, and y; are friction coefficients, and they
are defined as py = —1/tan(20), u; = pyS; /S, [40].

After the damage initiation, the material stiffness of CFRTPs degrades with the irreversible
evolution of damage under the external cutting load. In this work, linear damage evolution
laws are applied for the four failure modes, and the stiftness is gradually reduced under the
control of the damage factor d. The damage factor is calculated based on the strain variable &
at each time step, and the damage onset strain e” and complete failure strain ¢/, as shown by
Eq. 22 [6]. It has the value O at onset of failure and value 1 at final failure.

£f 60
4= m(“:) @

To be specific, the damage factors for fibre (d,,) failure and matrix (d,,) tensile failure
modes are:

e &
fftZl_)dlE=gfﬂo<1_i>
fi

fo21>d —il—i (23)
fe = 1E — gﬁ»_sﬁ‘ €
E{HY E?ﬂl
fmt = 1 - dZE = E,/,”_Egi, <1 - a)

where the damage onset strains (e s and €° ) are determined when the corresponding
failure criterion is satisfied, and the ﬁnal fallure strains (ef gf and £f ,) are given by Eq. 24
[30]:
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R
265,
X,Le
C
2G5,
XL
267

mC

T oYLe

e
I

24)

R

=

In which, G)ZC, GfCC and G;C denote the fracture toughness associated with these three
generic failure modes, respectively. L€ is the characteristic length of the elements, and it is
introduced to reduce the mesh dependency of the simulation results.

While for the compressive failure in the transverse direction, the damage factor is
defined by the strain acting on the fracture plane:

e e?
f;m‘ >1 - d2E - ef matco 1— gmatc (25)
— Eate matc

matc

where €,,,,. = \/(€,)>+72 + y? [30, 41]. The symbol (») indicates that, for any real number

x, (x) = (x+ |x])/2. The strain components in the normal, transverse and longitudinal
directions on the fracture plane read:

€, = £2,08° 0 + £335in* O + y,55in O cos 0
Yr = 2(€33 — £, )sin 0 cos O + 7,3 (cos?0 — sin’6) (26)
YL = ¥315in 6 + y,,cos 0

The onset strain s?mw is obtained from the value of ¢,,,,. at the onset of matrix com-

pressive failure. The expression for final failure strain sim, is [30, 41]:
_ 2G¢
matC
e T @7)

martc

The determination of the onset stress o-BWC is similar to that of the sgmtc, i.e. [30, 41]:

0

— =1/ 2,2 2
O mate = Omatc If,m.:l - <O-n> +TT + 3 |fmC:1 (28)

G’ia c denotes the fracture toughness, and it is formulated as [30, 41]:

C Oy : Tr : T ?
Gruc =Gic 0 +Gyc P +Gye 0 (29)

matc matc matc

In which, GIC and Gnc are the fracture toughness for the mode I and II fractures,
respectively.

2.1.5 Damage Initiation and Evolution Laws Based on the Strain Energy Density

The strain energy density of the damaged CFRTP ply in the 3D configuration is defined
as [30]:
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Let us consider the irreversible energy dissipation, the thermodynamic force vectors
conjugated to damage in the transverse direction and 1-2 plane could be derived [24, 26]:

Ep =

j— aED

%, 31)

12_adIz

Y,

The initiation of damage and its evolution [26] are governed by the square root of a lin-
ear combination of the two damage variables Y, and Y,, as shown in Eq. 32 [26, 42]:

Y@ = n}gg{( VYia(s)+ sz(S))

_Y)-T,
Y1) > Y, = dyg= Y, (32)
= YOV
Y1) > Y, = dpe= Y,

where Y is defined to be the maximum value of it from any previous time, s, up to the cur-
rent time, ¢, to avoid the healing of damage. b is the shear-transverse damage coupling fac-
tor. Y2 and Y12 are the initial transverse and shear threshold values, respectively, while Y2

0 0 .

and Y|, are the slope of Y(¢) versus respectively d, . and d,, ..
The final damage factors d; and dij (i, j=1, 2 and 3) for each increment step are calcu-

lated by combining the damage initiation and evolution laws based on both the strength and
strain energy density:

dy =dg

d, = max(d,g, dyg;)
dyp, = max(dyg, dyyc)
dy=d3 =dy =dy

(33)

The damage initiation and evolution laws are defined in the VUMAT together with the
material constitutive model. The material properties of the CFRTPs are obtained by con-
sulting manufacturers and referring to Reference [21, 23, 43], and are listed in Table 1.

2.2 Geometric Model and Boundary Conditions

Figure 6 illustrates the geometric model for the simulation of CFRTP machining. By com-
paring the different machining approaches (e.g. orthogonal cutting, drilling and milling),
it is clear that the tool-workpiece interactions are complex during the drilling or milling,
especially in the processing of angle ply composite laminates. Several factors such as fibre
orientation and cutter structures are all introduced in one trial simultaneously, and thus
their influences on the damage extent are hard to be distinguished. Therefore, the orthogo-
nal cutting of unidirectional CFRTPs is conducted in this investigation.

The tool is defined as an analytical rigid body for a higher computational efficiency.
The workpiece is set to be a deformable solid with a length of 1.2 mm, a height of 1 mm
and a width of 0.1 mm to save the calculation time. To further improve the computational
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Table 1 Material properties of the CFRTPs [21, 23, 43]

Properties Value Properties Value Properties Value
E,, (GPa) 127 " 0.38 len(‘ /MPa) 48
Ey,=E;; (GPa) 10.3 R, 21.59 Y, (VMPa) 100
G,,=G,; (GPa) 5.7 716) 53 Y50 /MPa) 3000
G, (GPa) 32 X; (MPa) 2070 sz /MPa) 3100
Vp=Ugs 0.3 X (MPa) 1360 G (KI/m?) 218
U3 0.3 Y; (MPa) 102 chc(kJ/mz) 104

c 0.73 Y. (MPa) 276 G! . =G, (d/m? 1.7

b 0.53 S1,=5,; (MPa) 186 G, (kI/m®) 2.0

p 558 Sy3 (MPa) 186 p (g/lem?) 1.58

efficiency with a guaranteed accuracy, the meshes in the cutting area of the workpiece are
refined with the size of 0.01 mm and 0.04 mm coarse elements are set in the rest area. The
workpiece adopts 8-node linear brick elements with reduced integration (C3D8R), and the
enhanced hourglass control approach is applied to minimise the potential risk from hour-
glass issue.

The CFRTPs are fixed by constraining all degrees of freedom of the nodes at the bot-
tom and left sides of the workpiece. The tool is only allowed to move along the X axis
in Fig. 6 to cut the composites with a constant cutting speed of 10 mm/s. The cutting of
unidirectional CFRTPs with the four typical fibre orientations (i.e. 0°, 45°, 90° and 135°)
is simulated first to validate the numerical model. In this part of our study, a 25° tool rake
angle, a 5° clearance angle, and a 10 pm tool edge radius are selected, and the cutting
depth is 50 pm. And then, a variable parameter study of subsurface damage and cutting

Cutting speed v,

Edge
radius r,

Workpiece

Cutting depth a,

1 mm

Clearance
angle y

Fibre
orientation ¢

Fig.6 Geometric model for the simulation of CFRTP orthogonal cutting
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force changes during unidirectional cutting of CFRTP is carried out. The numerical points
of the fibre orientation selected in our simulation study are similar to those in Reference
[44]. So, the workpieces with the 30°, 60°, 120° and 150° fibres laid up are involved in the
cutting prediction to further evaluate the change of the subsurface damage. The selections
of cutting speed, cutting depth, tool clearance angle and tool edge radius are mainly based
on references [14, 24, 44-47]. References [47, 48], and [49] are referenced in our research
when selecting the rake angles of the tool, and the rake angle values are determined to be
-15°, 0°, 15°, and 25°, respectively. The processing conditions are detailed in Table 2. The
surface to surface kinematic contact algorithm is used to describe the dynamic interactions
between the tool and workpiece. Wherein, the normal behaviour along the contact surface
is defined to be hard contact, while the Coulomb friction algorithm is utilised to character-
ise the tangential behaviour. The friction coefficient is set as 0.5.

3 Experimental Setups

Orthogonal cutting experiments on the unidirectional CFRTPs are conducted in this
research to validate the elastic—plastic damage model and the simulation of the CFRTP
cutting. The experimental setup is shown in Fig. 7. The composite cutting is performed by
fixing the tool and moving the CFRTP part. The workpiece is constrained on a platform
powered by the linear motor, and it can move in a straight line at a constant speed under
the traction of the linear motor. The cutting tool is fastened on the platform to keep it still.
Unidirectional CFRTP laminates used in the experiments are produced by Junhua PEEK
Ltd and they are made from carbon fibre/PEEK prepregs through a process including load-
ing into mold, heating up, holding pressure, cooling, and demolding, which are 4 mm in
thickness and contain 20 layers. The volume fraction of carbon fibre in the laminates is
60%. These laminates are cut into small sheets with the dimension of 50 mm X 90 mm by
a diamond wire saw machine to facilitate the clamping. Four kinds of workpieces are pre-
pared to observe the composite machining under the fibre orientations of 0°, 45°, 90° and
135°. The turning tool is applied and it is made from cemented carbide. The tool cutting
edge radius is about 10 pm, and a new tool is employed for each cut to avoid the effect of
tool wear.

The KISTLER 9257B three-component dynamometer is clamped under the cutting
tool to measure the cutting force. The 5080 amplifier, 5697A data acquisition and force
record terminal are employed to transmit and collect the force signals. The original sig-
nals of cutting forces are acquired at a sampling frequency of 12 kHz, and they are
visualised and analysed with the commercial software DynoWare. A PHOTRON SAS5

Table2 Tool geometric

; Parameters Value
parameters and processing
conditions [14, 24, 44-49] Rake angle a(®) -15.0, 15,25
Clearance angle y(°) 5
Edge radius r,(um) 10, 20, 30
Fibre orientation ¢(°) 0, 30, 45, 60, 90,
120, 135, 150
Cutting depth a,(pm) 50, 100, 150, 200
Cutting speed v (mm/s) 10
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Microscope High-speed

camera

Workpiece
Tool

Fixture Dynamometer

Linear motor Platform

(b) (©)

Fig.7 Details of the orthogonal cutting experiment: (a) Experimental setups; (b) Tool; (¢) Workpiece

high-speed camera with a VH-Z50L microscopic lens is selected to record the cutting
process. It is found by testing the parameters of the high-speed camera that only fuzzy
and dim video could be captured under high cutting speed, thus the CFRTP cutting is
performed at a speed of 10 mm/s. Since a large cutting depth could induce the micro-
chipping of the cutting edge and lead to the decrease of the result reliability, the 50 pm
cutting depth is hence determined in these verification experiments. In addition, the
experiments with the same processing conditions are repeated three times to reduce the
error.

4 Simulation Validations

In this work, the simulated CFRTP cutting processes under the 0°, 45°, 90° and 135° fibre
orientations are compared with the experimental observations to validate the elastic—plastic
damage model and numerical modelling. The results including the material removal pro-
cesses, chip morphologies and cutting forces are detailed as follows.
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4.1 The Cutting Processes and Chip Morphologies of the CFRTPs

The simulated and experimentally recorded orthogonal cutting processes of the unidirec-
tional CFRTPs are shown in Figs. 8—11. The von-Mises stresses are presented in the mod-
elling results to demonstrate the process of material removal and the stress distribution
during the machining process. In addition, the chips formed finally in the experiments are
observed with an electron microscope to assist the analysis of the chip morphologies, as
seen in Fig. 12.

Regarding to the cutting of CFRTPs laid up with 0° fibres only, the cutting direction is
consistent with the fibre direction. High internal stresses are generated when the tool cut-
ting edge contacts the workpiece (see Fig. 8a), and they are easy to lead the cracking of
the matrix and the separating of the materials above the cutting plane with the rest of the
workpiece. Then, the tool penetrates into the workpiece, and it raises the materials that are
above the tool tip. Plastic deformations initiate in the cut material piece progressively with
the advance of the tool, and the material is bent to the action direction of the rake face.
With the further feed of the tool, the initial chips deform continuously, and C-shaped chips
are generated under the action of the upper surface of the workpiece. The predicted chip
formation process agrees well with the experimental observation, and the morphologies of
the chips formed finally are consistent, as shown in Figs. 8 and 12a.

When cutting CFRTPs with 45° fibre orientation, high internal stresses are observed
near the tool tip and along the fibre direction (see Fig. 9a). The cutting tool crushes the
fibres and matrix at the cutting plane, and the materials above the cutting tool tip are forced
to slide upward by the tool rake face. The cut material piece bends due to the persistent
occurrence of the plastic deformation and it wraps together with the advance of the cutting
tool. Subsequently, long and curly chips are formed when the machining finishes or some
of the elements fail completely. The predicted material removal process and chip morphol-
ogy are consistently recorded by the experiments using the high-speed camera system to
successfully validate the accuracy of the elastic—plastic damage model developed in this
research, as shown in Figs. 9 and 12b.

For the 90° fibre orientation, the cutting direction is perpendicular to the fibre direction.
During the cutting process, the material in front of the cutting tool tip deforms under the

Tool

Chips

S, Mises

(Avg: 75%)
+1.242e+03
+1.13%+03
+1.035e+03

+3.455e-01

() (b)

Fig.8 Chip formation of the CFRTPs with 0° fibre orientation: (a) Simulation results; (b) Experimental
observations
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Fig.9 Chip formation of the CFRTPs with 45° fibre orientation: (a) Simulation results; (b) Experimental
observations

push of the tool (see Fig. 10a and c). In this case, multiple fibres and the adjacent matrix
are bent and they fracture together at the cutting plane. Then, shear stresses are induced
due to the upward squeezing of the tool cutting edge and they act onto the matrix between

N

Tool , Chips

Deformation "/

Deformation Ps

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
13.327e+03 +1.867e+03
+3; 0502+03 +1.711e+03
+2.773e+03 +1.556e+03
+2.495e+03 +1.400e+03

+1.387e+03 +7.778e+02
+1.110e+03 +6.222e+02
+8.325e+02 +4.667e+02

+3.111e+02
+1.556e+02
+2.506e-02

(d)

Fig. 10 Chip formation of the CFRTPs with 90° fibre orientation: (a) and (b) Simulation results; (¢) and (d)
Experimental observations
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Fig. 11 Chip formation of the CFRTPs with 135° fibre orientation: (a) and (b) Simulation results; (¢) and
(d) Experimental observations

the fractured and non-damaged materials, and the failed fibres and matrix are removed
and block-shaped chips are generated. It is clear that the simulation results acquired (see
Fig. 10a and b) by the developed FE model are of high accuracy compared with the experi-
mental measurements in Figs. 10c, d and 12c. In this process, the chip formation is mostly
initiated by the bending fracture of the fibres, which is apparently different from the cutting
process of the CFRTPs with 45° fibre orientation where the fibres are crushed by the tool.
The chip formation of the CFRTPs with 135° fibre orientation is shown in Fig. 11. Both
the simulation and experimental results indicate that the push action of the tool tip leads to
local failure of the material in the early stage of the machining process. Subsequently, the
workpiece above the tool rake face deforms, and the damage is initiated near the tool cut-
ting edge and it propagates downward along the fibre direction. The materials on the left
side (Area A in Fig. 11a and c) of the damaged area start to be acted by the cutting tool,
and the total amount of the material being cut increases. Since the tool rake angle is smaller
than the Angle ¢-90° (fibre orientation subtract 90°), a great squeezing effect is applied by
the tool rake face rather than the tool tip on the fibres being cut. As the tool further feeds,
the material contacting the tool rake face is bent to a critical state, and it fails and forms
fragment-like chips (see Figs. 11b, d and 12d). The simulation results show a good agree-
ment with the experimental measurements. Moreover, although the fibre bending occurs
in both this cutting process and the cutting of CFRTPs with 90° fibre orientation, the chip
morphologies of them are different. As mentioned above, for the 135° fibre orientation, the
action of the cutting tool rake face is stronger than the cutting of the tool tip on the fibres.
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- 2000um

Fig. 12 Chip morphologies in the cutting of unidirectional CFRTPs: (a) 0° fibre orientation; (b) 45° fibre
orientation; (c) 90° fibre orientation; (d) 135° fibre orientation

Under this circumstance, the fibres are not easy to break on the processing plane like that
in the cutting of CFRTPs with 90° fibre orientation. While the tool rake face squeezes the
material on the upper surface of the workpiece and fragment-like chips are generated.

To sum up, the predicted material removal and chip formation processes using the elas-
tic—plastic damage model agree well with the experimental observations for the various
composite layups. Furthermore, the chip morphologies in the simulation results are highly
consistent with those in the experiments. Therefore, it could be concluded that the pro-
posed numerical model possesses the ability to effectively simulate the CFRTP cutting, and
it is applicable for the damage assessment.

4.2 The Cutting Forces in the CFRTP Orthogonal Cutting

The curves of cutting force per unit width versus tool displacement at the four typical fibre
orientations are shown in Fig. 13. Due to the removal of material during cutting, there
are inevitably large fluctuations in simulations and experiments. In addition, considering
the computational efficiency, the size of the finite element model is usually simplified in
the cutting simulation study of FRPs [14, 24, 32, 44, 45, 47]. For the above reasons, we
selected the force signals with a duration of about 0.02 s in the stable cutting stage at the
four typical fibre orientations, respectively. To compare the experimental and simulation
results, the cutting forces are converted into cutting forces per unit width, and the time axes
of all force signals are offset and zeroed, and the force signals are filtered to remove the
effect of noise. The simulation results are in good agreement with the experimental results.

In the cutting simulation study of FRPs, the average value of the cutting force in the
steady cutting stage is usually used to compare the experimental and simulation results
[14, 24, 32, 44, 45, 47]. Figure 14 illustrates the simulation and experimental cutting force
per unit width for the CFRTPs with the four fibre orientations. It could be seen that the
change of the numerical predicted cutting force per unit width with the fibre orientation
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Fig. 13 The curves of cutting force per unit width versus tool displacement at the four typical fibre orienta-
tions: a 0° fibre orientation; b 45° fibre orientation; ¢ 90° fibre orientation; d 135° fibre orientation

agrees well with that of the experimental outputs. The error between the simulation and
experimental results is less than 20%. A higher cutting force per unit width is produced
by a greater fibre orientation, and the maximum value obtained at 135° fibre orientation is
about 45 N/mm. The reason for these outcomes could be explained by analysing the cutting
processes of the CFRTPs with the four composite layups. As mentioned in Sect 4.1, the
matrix cracking is the main failure mode of the material during the cutting of CFRTPs with
0° fibre orientation, and few fibres are cut in this case compared with that in the cutting of
CFRTPs with the other three fibre orientations. Since the matrix strength is less than the
fibre strength, the smallest cutting force is resulted in the 0° fibre orientation. With regard
to the CFRTPs consisting of 45° fibres, the fibres have to be broken during the cutting
process, and thus the cutting force is greater than that of the 0° fibre orientation. Whereas,
in the cutting of CFRTPs with 45° fibre orientation, the fibres and matrix are crushed and
the materials being cut are easy to slide upward and form the chips, which is different from
the material removal process of the CFRTPs with 90° fibre layups whose fibres and matrix
are fractured due to bending and the chips are generated under the upward squeezing of
the tool cutting edge. Therefore, the cutting force of the CFRTPs with 90° fibre orienta-
tion is higher than that of the CFRTP laminates with 45° fibres only. In the last case of the
135° fibre orientation, the amount of the material being cut is larger than that in the cutting
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of CFRTPs with the other three fibre orientations although the same cutting depths are
applied during these machining processes. In the meantime, the material removal is mostly
attributed to the squeezing action of the tool rake face rather than the cutting of the tool
cutting edge. Thus, the highest cutting force is generated in the cutting of the CFRTPs with
135° fibres laid up.

5 Discussions on the Subsurface Damage Depth Under Various Cutting
Conditions

This section summarizes the parametric studies on the subsurface damage and cutting force
conducted using the FE model for the CFRTP cutting. The influences of the fibre orien-
tation, cutting tool rake angle, tool edge radius and cutting depth are described and dis-
cussed. Wherein, the distributions of the damage factor are illustrated to present the sub-
surface damage, and the area where the damage has been initiated (d> 0) is determined to
be the subsurface damage zone to take the potential damage into account.

5.1 Influence of the Fibre Orientation

The predicted subsurface damage distributions in the cutting of CFRTPs with a tool of
25° rake angle and 10 pm cutting edge radius and under 50 pm cutting depth and various
fibre orientations are shown in Fig. 15. Figure 16 is the variations in the cutting force per
unit width and subsurface damage depths with the different fibre orientations. The cut-
ting force and subsurface damage depth maintain an approximately growing trend with the
increasing of the fibre orientation within the range of 0° to 135°, while a sharp decrease
of them occurs at the 150° fibre orientation. The growth of the cutting force and subsur-
face damage at 0° to 135° fibre orientations can be explained as follows by referring to
the interpretations for the results in Sect 4.2. As the increase of the fibre orientation from
0° to 135°, both the cracking direction of the workpiece and the cutting action of the tool
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Fig. 15 Subsurface damage under various fibre orientations: a 0° fibre orientation; b 30° fibre orientation; p
¢ 45° fibre orientation; d 60° fibre orientation; e 90° fibre orientation; f 120° fibre orientation; g 135° fibre
orientation; h 150° fibre orientation

vary obviously. The propagation direction of the crack and damage induced by the cut-
ting process changes from leaving the workpiece upwards to invading the workpiece down-
wards, and the cutting action of the tool tip in the cutting plane is gradually replaced by
the squeezing action of the tool rake face. The combination of these variations leads to the
increase of the cutting force and subsurface damage. After the fibre orientation is greater
than 135°, the cutting action of the tool on the CFRTPs is closer to that at the 0° fibre ori-
entation, and thus the cutting force per unit width and subsurface damage depths become
smaller. It should also be noticed that an unexpected drop of the cutting force happens at
the 120° fibre orientation. When cutting CFRTPs with 120° fibres, the tool rake face is
almost parallel to the fibre direction. The sliding and friction between the cutting tool and
workpiece are enhanced while the cutting action applied on the workpiece is weaker, there-
fore, the cutting force is decreased.

5.2 Influence of the Tool Rake Angle

For the cutting of CFRTPs with 90° fibres laid up at a cutting depth of 50 pm using the
tools with -15°, 0°, 15° and 25° rake angles and 10 pm cutting edge radius, the simula-
tion results are shown in Fig. 17. The cutting force and subsurface damage induced by the
0° rake angle tool are greater than those by the tools with the other rake angles, and they
decrease with the increase of the rake angle in the cutting processes with the positive rake
angle tools, as shown in Fig. 18. A main reason for these results is that the material removal
processes are significantly different when cutting the CFRTPs consisting of 90° fibres with
negative, 0° and positive rake angle tools. In terms of negative rake angles, the tool rake
face keeps pressing the upper surface of the workpiece during the CFRTP cutting, and the
materials from the upper surface to the cutting plane are progressively crushed. The fibres
being cut are rarely bent, the deformation of them is hence hard to extend downward into
the workpiece along the longitudinal direction and to induce the damage. Therefore, small
cutting force and subsurface damage are generated. By contrast, in the cutting process of
CFRTPs with the 0° rake angle tool, the fibre direction is parallel to the tool rake face. The
whole rake face continuously pushes the fibres and the tool tip can only cut off the fibres
after the fibres are bent severely. Under this circumstance, the cutting force and subsurface
damage are serious. For the positive rake angle tools, the actions of the tool on the work-
piece are detailed in Sect 4.2. The fibres and matrix are fractured at the cutting plane under
the push of the tool tip, thus the cutting force and subsurface damage are smaller than those
induced by the 0° rake angle tool. In addition, the bigger the tool rake angle, the greater
stress could be applied to the materials in the cutting plane. Therefore, the reduced cutting
force and subsurface damage are acquired by an increased tool rake angle within the extent
of 0°-25°.

5.3 Influence of the Tool Edge Radius

Figure 19 illustrates the predicted subsurface damage distributions in the cutting of
CFRTPs with the tools of 25° rake angle and 10 pm, 20 pm and 30 pm cutting edge radii.
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Fig. 16 Variations in the cut-
ting force per unit width and
subsurface damage with the fibre

orientation
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The cutting depth is 50 pm and the workpieces with 90° fibre orientation are adopted in
this parametric study. It is indicated from Fig. 20 that the cutting force per unit width and
subsurface damage depth increase with the rise of tool edge radius. During the cutting of
CFRTPs, the tool with a large edge radius is not easy to concentrate the stress applied to
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Fig. 17 Subsurface damage under various tool rake angles: a -15°; b 0°; ¢ 15°; d 25°
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the material at a local point of the material. In this case, the materials, especially the fibres,
are difficult to fracture and they keep deformation, which leads to great cutting force and
subsurface damage.
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Fig. 19 Subsurface damage under various tool edge radii: (a) 10 pm; (b) 20 pm; (¢) 30 pm
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Fig.20 Variations in the cut-
ting force per unit width and
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Similarly, the cutting depth of 50 pm, 100 pm, 150 pm and 200 pm are numerically inves-
tigated for the cutting process of the CFRTP laminates with 90° fibres. The cutting tool is
of 25° rake angle and 10 pm cutting edge radius, and the simulation results are presented
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Fig.21 Subsurface damage under various cutting depths: (a) 50 pm; (b) 100 pm; (c) 150 pm; (d) 200 pm
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in Fig. 21. It could be found that higher cutting forces and subsurface damage are caused
by the greater cutting depth (see Fig. 22). For a larger cutting depth, more materials are
involved in the cutting process, and more work should be done by the tool to remove the
material, thus the cutting force is higher. The great cutting force could cause large defor-
mation of the material, therefore, the enhanced subsurface damage depth is resulted in.

6 Conclusions

In this paper, a novel elastic—plastic damage material model is proposed to numerically
simulate the orthogonal cutting of CFRTPs, and to parametrically study the subsurface
damage. The mechanical behaviours of the CFRTPs including the plasticity are charac-
terised by utilising a plastic yield function consisting of the various stress components,
and the initiation and evolution of the damage with different modes are determined based
on the Hashin and Puck criteria and the strain energy density. With this material constitu-
tive model, a 3D FE model for the CFRTP cutting under four typical fibre orientations is
developed. The material removal processes, chip morphologies and cutting forces are pre-
dicted and compared with the experimental results to verify the FE model and the material
constitutive model. Then, the influences of the fibre orientation, tool rake angle, tool edge
radius and cutting depth on the subsurface damage depth are assessed using the proposed
FE model. Based on the investigations, some conclusions could be obtained as follows:

1. The simulated material removal processes, chip morphologies and cutting forces show
good agreement with the experimental outputs. The cutting process and chip morpholo-
gies of the CFRTPs change significantly with the variation of the fibre orientation. When
the fibre orientation angle is 0°, the simulated cutting force per unit width reaches the
minimum value, which is about 25 N/mm, and the chip shape is C-shaped long chips.
When the fibre orientation angle is 45°, the chip morphology is curled and long. In 90°
and 135° fibre orientations, the chip shape is fragmented. And the maximum cutting
force is about 43 N/mm when the fibre orientation is 135°. The error between the simu-
lation cutting forces and experimental cutting forces is less than 20%.
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2. The cutting force and subsurface damage depth maintain an approximately growing
trend with the increasing of the fibre orientation within the range of 0° to 135°, while
a sharp decrease of them occurs at the 150° fibre orientation, where the cutting force
decreases to about 25 N/mm, which is close to the cutting force at 0° fibre orientation,
and the subsurface damage depth is slightly higher than 0° fibre orientation.

3. The cutting force and subsurface damage induced by the 0° rake angle tool are greater
than those by the tools with the other rake angles, and they decrease with the increase
of the rake angle in the cutting processes with the positive rake angle tools. The cutting
force and subsurface damage keep the same trend with the change of tool rake angle.
The cutting force per unit cutting width obtained by simulation analysis reaches the
maximum value about 52 N/mm when the rake angle is 0°.

4. The great tool edge radii or cutting depths could lead to a large cutting force per unit
width and subsurface damage depth. In the range of greater than 20 pm, the effect of
the tool edge radius on the subsurface damage and cutting force is more obvious than
that in the range of less than 20 pm.

The proposed model can be used to simulate the chip formation process, chip shape,
subsurface damage and cutting force variation under different process parameters in
CFRTP orthogonal cutting. The findings are expected to provide guidance for process
parameter optimization and tool structure design of CFRTP. Furthermore, the current work
will be extended to analyse the drilling or milling process of CFRTP laminates in the near
future.
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