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Abstract
Finite-element (FE) method offers a low cost virtual alternative to assist in optimisation of critical process parameters in machining of composites.
This study is focussed on understanding the mechanics of chip formation in orthogonal cutting of unidirectional (UD) carbon-fibre-reinforced
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In the last decades, the use of polymer matrix composites
(PMCs) have experience a steady increase in high-tech applications due to its high performance in lightweight structures. This
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effective solution to investigate the effect of cutting parameters
have on the machining response . One of the most important
machining responses to investigate is the chip release mechanisms to achieve a good understanding of the underlying postmachining damage; various 2D micro-mechanical FE models
have analysed in detail this matter.
Calzada et al. [6] studied the different fibre failure mechanisms existent for different fibre orientations of 0◦ , 45◦ , 90◦
and 135◦ . Bending moment from the tool-workpiece interaction was found to be determinant tu cut fibres for fibre orientations of 0◦ and 135◦ , while the impact of the tool with the
workpiece cause the crush of the fibre for fibre orientations
45◦ and 90◦ . Rao et al. [7] assessed various insights about the
chip formation for fibre orientations between 15◦ and 90◦ . It
was concluded that chip release was produced in the matrix between fibre reducing the chip length progressively from 15◦ to
90◦ laminates. Finally, Abena et al. [8] developed a 3D micro
mechanical model using a novel approach to model the matrixfibre interface damage. This approach reduced considerably the
computational time and increase the accuracy of the results obtained with conventional modelling techniques to model interface damage of cohesive elements and cohesive interactions.
Nevertheless, these micro-mechanical models have a complex pre-processing cost as well as it requires large times to be
simulated. These factors make this kind of numerical anlalysis
non attractive for the industry, which are more interested in less
complicated and quicker analysis capable of predicting accurate
results to optimize their production lines. All these capabilities
are encompassed in macro mechanical FE models, but to this
author’s knowledge the chip formation mechanism have been
barely investigated in this kind of analysis.
This work offers a novel macro mechanical FE analysis
to investigate the chip formation mechanism in machining of
composites. The case of UD-CFRP laminates is employed to
demonstrate the high capabilities offered for the 2D performed
FE model. A novel numerical algorithm in composite machining which accounts first the damage propagation and subsequently the chip fracture is successfully implemented. Wellknown composite failure criteria of Hashin and Puck are considered to determine fibre and matrix damage initiation modes,
respectively. Later, a linear energy-based degradation of mechanical properties is applied selectively in different components of the stiffness matrix. Finally, shear, matrix crushing and
fibre-matrix debonding failures are accounted in this model to
produce the chip fracture; this is accomplished eroding element
following various strain-based considerations. Numerical predictions are validated using the experimental machining forces
extracted by Iliescu et al.[9] in his trials.

E11 , E22 Young modulus in fibre and transverse directions
G12 ,ν12 Shear laminate modulus and poisson coefficient
XT , XC Fibre tensile and compressive strength
YT , YC Matrix tensile and compressive strength
S
Shear laminate strength
Slope of the fracture envelope (normal stress p(+)
⊥
longitudinal/transverse shear stress) curve in traction states when normal stress is 0
R(+)A
Fracture resistance of the fracture plane due to
⊥
transverse stresses
A
Fracture resistance of the fracture plane due lonR⊥
gitudinal/transverse shear stresses
A
R⊥⊥
Fracture resistance of the fracture plane due to
transverse/transverse shear stresses
δI,eq
Equivalent displacement associated to a damage
mode
Equivalent displacement associated to a damage
δ0I,eq
mode when it is 0
σ0I,eq
Equivalent stress associated to a damage mode
when it is 0
f
Equivalent displacement associated to a damage
δI,eq
mode when it is 1
GCI
Critical fracture toughness associated to a damage
mode

2. FE model characterization
In this work, an explicit numerical analysis is developed using the numerical software package of Abaqus/CAE. For model
validation sake, same cutting conditions employed in Iliescu et
al. [9], for the orthogonal cutting of UD-CFRP laminates, have
been modelled. Cutting tool geometry analysed is showcased in
Table -, while mechanical properties and strength of the CFRP
simulated are show in Tables -, respectively.
Table 1. Cutting parameters simulated.
Cutting variables

Simulated machining configuration

Rake angle (α)
Relief angle (β)
Tool edge radius (µm)
Depth of cut (mm)
Cutting speed (mm/s)
Fibre orientations

0◦
7◦
10
0.2
100
45◦

Table 2. CFRP composite mechanical properties.
Material

E11 (GPa)

E22 (GPa)

G12 (GPa)

υ12

CFRP [10]

136.6

9.6

5.2

0.29

Nomenclature
Table 3. CFRP composite strength properties.

FE
PMC
CFRP
σi j

Finite element
Polymer matrix composite
Carbon fibre reinforced polymer
Stress vector values in directions “i” and “j”’
2

Material

XT (MPa)

XC (MPa)

YT (MPa)

YC (MPa)

S (MPa)

CFRP [10]

1500

900

27

200

80
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[12], distributing the damage coefficients in the stiffness matrix
as shown in Eq. 1.

2.1. Mesh, geometry and contact model definition
Workpiece dimensions simulated are 2 mm width per 1 mm
height to obtain a good numerical accuracy without a high
computational cost. Quadrilateral structured meshed elements
CPSR4 are employed with a minimum element size of 5 µm at
the cutting region and 0.1 at the bottom corners, see Fig 1. Cutting tool is modelled as a rigid body to reduce the computational
time. This assumption is generally accepted in the modelling of
composite machining due to cutter razors experience a negligible deformation during the machining process because of their
high rigidity.
Allocation of tool edge radius is in the middle of the simulated CFRP workpiece to emulate the real cutting conditions of
a machining process. As a boundary conditions in this model,
displacements are totally fixed at the bottom and the horizontal movement is restricted in the lateral side of the laminate.
Tool-workpiece contact is modelled using the option surfacenode surface contact available at Abaqus/Explicit. A constant
Coulomb friction coefficient of 0.5 is applied in this work, similarly as it is conducted in other publications related to this field
[10, 11].

1
D


(1 − d f )E11
(1 − d f )(1 − dm )ν21 E11

 (1 − d f )(1 − dm )ν12 E22
(1 − dm )E22

0

0

0

 (1)
0

(1 − d s )G12



where D = 1 − (1 − d f )(1 − dm )ν12 ν21 ; d s = 1 − (1 − d f t )(1 − d f c )(1 − dmt )(1 − dmc )
d f = max {d f t , d f c } ; dm = max {dmt , dmc } ; dI ǫ [0, 1] and I = ( f t, f c, mt, mc)

Fibre and matrix damage initiation is predicted using the wellknown Hashin and Puck failure criteria, respectively. In the case
of the fibre, Hashin accounts different failures in traction or
compression tensional states. For traction, both shear and longitudinal are considered to start the failure, while in compression
only longitudinal stresses are relevant, as shown in Eqs. 2 and
3.
- Fibre traction (σ11 ≥ 0)

 
σ11
σ12 
+
≥1
XT
S

(2)

- Fibre compression (σ11 < 0)
|

σ11
|≥ 1
XC

(3)

For predicting the matrix failure, Puck proposed three separate failure modes Mode A, Mode B and Mode C, which are
described below and illustrated in Eqs. 4, 5 and 6.
• Mode A: Matrix damage associated to positive transversal stresses.
• Mode B: Matix damage mode attributed to compression
transversal stresses with a high shear contribution.
• Mode C: Matix damage mode related to high compression transversal stresses with a low shear contribution.

Fig. 1. Mesh distribution of cutting and CFRP workpiece simulated.

- Matrix Mode A (σ22 ≥ 0)
3. Composite damage algorithm





2 


2

 
 σ12 2 
p(+)

 + 1 − ⊥ R(+)A   σ22 


 (+)A 
⊥ 
 RA 
A

R⊥
R⊥
⊥

An user-defined fortran subroutine VUMAT is developed to
introduce the composite damage algorithm employed in this
work. This damage algorithm contain two separate phases: (1)
damage propagation and (2) chip fracture. In the first phase, the
crack path is detected reducing progressively the mechanical
properties of the affected meshed elements, while in the second phase the chip is created eroding the previously damaged
elements. More detailed information about these statements is
found in the following lines.

+

p(+)
⊥
A
R⊥

σ22 ≥ 1

A
- Matrix Mode B (σ22 < 0 and σ22 > −R⊥⊥
)




 p
 σ12 2  p 2
σ22 ≥ 1
σ222 +
 A  +
R
R
R⊥

A
- Matrix Mode C (σ22 ≤ −R⊥⊥
)



 σ12 2  σ22 2  RA
1
 +
 ⊥⊥ ≥ 1

 −σ22
 RA 
A
p
A
R
2 1 + R R⊥⊥
⊥⊥
⊥

3.1. Damage propagation

(4)

(5)

(6)

In this work, because only one matrix damage mode in compression states is studied (dmc ), this damage is activated after either Mode B or Mode C failure conditions is reached. More detailed information about Puck’s failure criteria is found in [13].
After damage initiation occurs, a mechanical linear softening

To predict the composite damage propagation along the machining process, four different damage modes are accounted in
this model: fibre traction (d f t ), fibre compression (d f c ), matrix
traction (dmt ) and matrix compression (dmc ). It is implemented
using a similar technique employed by Cepero-Mejias et al.
3
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is performed. This softening is based on the principles of the
continuum damage mechanics (CDM) theory, which gradually
reduces the material mechanical properties until achieving the
total or partial degradation. In this particular case, the degradation is applied to achieve the fracture energy for every damage
mode studied (G IC ) through Eq. 7- initial and final equivalent
displacements are calculated as expressed in Eqs. 8 and 9, respectively.


f
δI,eq
δI,eq − δ0I,eq
 f

dI =
(7)
δI,eq δI,eq
− δ0I,eq
δ0I,eq

δI,eq
=
FI

f
δI,eq
=

2GcI F I
σI,eq

Fig. 2. Cutting force validation of the of the orthogonal cutting with a fibre
orientation of 45◦ .

(8)

(9)

Finally, a maximum damage component of 0.99 for fibre and
matrix damage modes is considered in this work to avoid the
common element distortion that take place in this kind of models [14].
3.2. Chip fracture
The process of chip formation have been barely studied because of the intrinsic difficulty of addressing this matter in
macro mechanical FE models. In this document, four types
of failures are accounted shear, fibre/matrix debonding, matrix
crushing and fibre buckling. The fracture is induced after a big
amount of deformation is produced enough for allowing the total fibre or matrix damage degradation and for avoiding element
distortion problems. The strains utilised in this work are collected in the following bullet points.
•
•
•
•

Fig. 3. Experimental and numerical thrust forces of the orthogonal cutting with
a fibre orientation of 45◦ .

phenomenon is not key to predict the chip formation which is
the factor studied in this publication.
In the case of machining composite laminates with a fibre
orientation of 45◦ chip is formed along the matrix parallel to
the fibres, as it investigated by Arola et al. [15]. Hence, as the
simulated chip has an angle closed to 45◦ , as illustrated in Fig
4, it could be concluded that the chip mechanism have been predicted with high accuracy. Finally, in this kind of fracture, the
predominant failure observed is the shear failure detecting high
shear deformations in the region around the crack is propagated.

Shear failure ⇒| ε12 |≥ 0.4
Fibre/matrix debonding ⇒ ε22 ≥ 0.2
Matrix crushing failure ⇒ ε22 ≤ −0.6
Fibre buckling ⇒ ε11 ≤ −0.1

4. Model validation and ongoing work
For the sake of validation, the numerical cutting forces obtained for laminates with a fibre orientation of 45◦ are compared
with the forces extracted from Iliescu et al. [9] trials. Average
numerical forces have been calculated in the region where elements are deleted to produce the chip fracture, as shown in Fig.
2. Numerical and experimental average forces differs in a 5.5%
which represents a strong correlation for this kind of analysis
and add credibility to the proposed FE model predictions.
However, this FE model contain limitations that should be
improved in the future. For instance, the prediction of the thrust
force is considerably low in comparison with experimental findings, as shown in Fig 3. This issue mainly occurs because of the
spring back phenomenon [12, 14]- partial thickness recovery after tool pass away - is not address in this work. Fortunately, this

Fig. 4. Chip fracture representation at the end of the simulation time.

Other fibre orientations in the range between 0-180◦ will be
analysed using this methodology in more detail in the future.
For a fibre orientation of 0◦ , fibre micro-buckling is assessed
for rake angles equal or inferior to 0◦ ; for positive rake angles
4
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the model predicts the initial matrix delamination and the posterior shear failure of the fibre to release this particular chip.
Shear and fibre/matrix debonding failure is observed for positive fibre orientations (15-75◦ ). In the case of 90◦ laminates,
an internal vertical crack is created because of the fibre/matrix
debonding created because of the tool push away the fibres. Finally, in negative fibre orientations a shear fibre fracture perpendicular to fibre direction is observed with an internal crack
propagation parallel to the fibre orientation.
In addition, after the implementation of various numerical
components in the constitutive equations, the modelling of 3D
FE models has been possible, see Fig 5. Similar chip formation
mechanisms and subsurface damage investigated in 2D models
have been obtained. For instance, this matter is observed with
the illustration of the chip fracture of 45◦ 3D laminates in Fig 6.
Finally, this numerical methodology offer a potent tool to model
other more complex machining operations such us oblique cutting, drilling or edge trimming; further investigations in this directions will be conducted in the future.
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forces extracted from Iliescu et al. [9]. Hashin and Puck’s failure criteria have been used to determine damage in fibre and
matrix respectively. Damage propagation to track the oncoming
fracture crack pathway have been applied with an energy-based
linear softening. Finally, an element erosion algorithm have
been successfully implemented to model four different composite fracture modes: (1) shear failure, (2) fibre/matrix debonding,
(3) matrix crushing and (4) fibre micro-buckling.
In this article, just the case of a laminate with a fibre orientation of 45◦ is assessed. Thus, a wide range of laminates
with fibre orientations between 0-180 ◦ needs to be still investigated.In addition, other more complex machining operations such as edge trimming, oblique cutting or drilling could
be modelled using the same methodology exposed in this document. Hence, the use of this FE model to predict the chip and
damage during the machining process will be extended to develop interesting insights in the machining of PMCs in a short
future.
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