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and Finite Element methods
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Abstract

FE models of orthogonal cutting of FRP composites are usually used imple-
menting element deletion when the failure condition has been reached. This
typically results in loss of contact between tool and workpiece during cutting
leading to very poor thrust force prediction. In this study, a comprehens-
ive three-dimensional numerical model of orthogonal cutting of UD-CFRP
employing the SPH method at the micro-scale level is developed for differ-
ent fibre orientations (0=0°,45°,90°,135°). Results are compared with those
obtained by a FEM model and against experimental findings. Results show
that the SPH method is able to improve prediction of cutting force (~30% at
6=0°) and thrust force (~30% at 6=90°,135°), showing also a chip formation
mechanism closer to that experimentally observed. In addition, the developed
approach allows simulating the bouncing back, that for /=0° results equal
to the cutting edge radius (~5 pm), as expected from the literature, and
calculating the actual depth of cut.
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1. Introduction

Fibre reinforced plastic (FRP) composite materials are increasingly being
used in high performance applications within various industrial sectors due
to their superior properties in terms of specific strength /stiffness, corrosion
resistance, damage tolerance and resistance to fatigue; as well as thermal and
acoustic insulation power, when compared with conventional material /alloys.

During production, machining operations are required for the removal of
excess material to meet dimensional tolerances or for producing holes for
assembly. The inhomogeneous and anisotropic nature of composite materi-
als still represents a challenge in terms of machinability. Defects can arise
during machining in each phase of the material, hence involving the fibre,
matrix, and fibre-matrix interface. The presence of such flaws can comprom-
ise surface integrity and lead to poor component in-service performance. The
importance of minimizing/eliminating workpiece damage following machin-
ing, has led industries and researchers to investigate these processes.

Numerical models seem to be the most flexible tool for studying the ma-
chining of composite materials. In fact, they can provide detailed information
at different scale levels (from the macro-scale to the micro-scale), that could
be difficult to obtain using different approaches (experimental, analytical,
and empirical). However, the numerical approach still needs to be validated
against experimental results.

Usually, the orthogonal cutting is used to study the removal mechanism
when machining composite materials. Several chip formation mechanisms
have been identified depending on fibre orientation (f) and tool rake angle
(a) [1-3], as it is shown in Figure 1. For fibre orientation §=0° and positive
rake angle, the tool progression causes fibre-matrix interface damage with
consequent fibre failure due to bending (Type I). For negative rake angle,
fibre failure due to buckling takes place (Type II). For 0°<6<75° and inde-
pendently from the rake angle, the chip formation mechanism is caused by
compression induced shear across the fibre axis, and shear fracture of fibre-
matrix interface along the fibre direction (Type III). The chip formation
mechanism for 75°<0<90° is characterized by compression induced fracture
perpendicular to the fibre axis, and interface fracture due to shear along the
fibre-matrix interface (Type IV). For 6>90° the chip formation mechanism
involves: considerable out-of-plane displacement; intra-laminar shear at the
fibre-matrix interface; and bending deformations due to compression exerted
by the tool, which leads to fibre and matrix failure usually below the cut-



ting plane (Type V). The chip formation mechanisms described are typical
of machining carried out using a sharp cutting edge (nose radius of a few
micrometer). When machining with a round cutting edge, a different chip
formation mechanism has been observed for 6—90° [1, 4] where the tool is not
able to cut the fibre at the contact point, but it exerts compression loading
on the sample causing fibre bending and failure below the cutting plane. In
addition, when machining with a round cutting edge, it is possible to identify
a part of the workpiece which is compressed under the tool. After the tool
has passed, the material exhibits an elastic recovery. The amount of spring
back the material undergoes is called bouncing back.

Over the years, simulation of orthogonal cutting of unidirectional fibre
reinforced plastic (UD-FRP) composite has been continuously improved in
an attempt to make it as accurate as possible. In particular, models imple-
menting the macro-mechanical approach have been widely used. It involves
representing the composite workpiece as an equivalent homogeneous mater-
ial (EHM), whose properties can be derived by means the rule of mixtures
|5] and provides only general information on the chip formation mechan-
ism [6-9]. In contrast, the recently developed micro-mechanical approach
accounts for each material phase separately [10-12], thus enabling more de-
tailed simulation /analysis of material deformation and defect formation dur-
ing machining. The micro-mechanical model represents a powerful approach
to analysing processes at the microscopic level. However, it is still compu-
tationally prohibitive for simulating machining operations involving a large
amount of material, such as drilling, where the EHM approach has been used
[13-15]. This led several researchers to develop a meso-scale formulation [16—
19]. Here, the microscopic model is implemented in the vicinity of the tool,
while the EHM approach is used for the rest of the model, in order to provide
the necessary stiffness while minimising the computational cost.

Most of simulations implementing micro-mechanical or meso-scale ap-
proaches are two-dimensional in order to reduce the computational cost
[11, 17, 18]. A three-dimensional model obtained by mean extrusion of a
two-dimensional model in direction orthogonal to the cutting speed was de-
veloped by Abena et al. [20] and by Chennakesavelu [21], while more realistic
three-dimensional models implementing cylindrical fibres are few [22, 23].

Models for simulating machining of composite materials usually employ
the finite element method. In it, elements are deleted from the analysis
when the failure condition has been reached. While cutting force is usually
in good agreement, thrust force is generally underestimated. Indeed, a signi-



ficant underestimation of thrust force has been observed and highlighted in
several works |16, 22, 24|. The numerical thrust force values can be one order
of magnitude lower than the experimental values, as shown by Calzada et al.
[16]. This underestimation has been attributed to the failure and subsequent
deletion of elements during the analysis along the cutting path; thereby caus-
ing a relaxation in the force component due to the loss of contact between
the tool and the workpiece [16, 24].

For this reason the current work aims to reduce/eliminate the significant
underestimation of predicted thrust force employing the Smoothed Particle
Hydrodynamics (SPH) method, which is part of the mesh-free methods fam-
ily. The SPH method can handle large deformations and material opening
due to tool action without element deletion and it has been successfully used
for simulating orthogonal cutting in metals [25-30]. Degradation of material
properties after material failure allows particles to separate. In this way, non-
physical material loss observed in FE models will be avoided, ensuring tool-
workpiece contact during the whole cutting process, improving the thrust
force. In addition, implementation of SPH method will allow to simulate
and study the amount of elastic recovery after the tool has passed (bouncing
back). This is extremely important since bouncing back affects the depth of
cut obtained after machining and the thrust force [3, 31]. The contribution
to the thrust force is due to the pressure the workpiece applies on the tool
clearance face due to the elastic recovery after cut. For this purpose, simu-
lation of orthogonal cutting of unidirectional carbon fibre reinforced plastic
(UD-CFRP) composite at different fibre orientations (6=0°,45°,90°,135°) em-
ploying the SPH method will be presented and results will be compared with
those obtained using the FE method and against experimental findings.

2. Numerical modelling of the orthogonal cutting of UD-CFRP

Simulation of the orthogonal cutting of UD-CFRP will be carried out
implementing two numerical methods: finite element analysis and smoothed
particle hydrodynamics method. Since the FE method is usually used for
modelling machining of composites, models based on FE analysis will be

used to assess improvement when using the SPH method. Development of
both FE and SPH models is described in the following.



2.1. FEM modelling

A FE method was employed for modelling the orthogonal cutting of UD-
CFRP in Abaqus/Explicit. In particular, a three-dimensional finite element
model implementing cylindrical fibres was developed using a meso-scale ap-
proach to simulate the composite material, similarly to Abena et al. [20]
work. Hence, a micro-mechanical approach was implemented in the area
close to the tool tip, where the cut takes place, allowing to analyse the chip
formation mechanism through single phases, providing detailed information
on material deformation and failure mechanism during cutting. In order to
reduce the computational cost, the composite was simulated as an equivalent
homogeneous material (EHM) far from the cutting area. Further computa-
tional cost reduction was achieved modelling half of the fibres’ geometry,
assuming the symmetry. A schematic of the FEM model and of the bound-
ary conditions applied in the case of fibre orientation #=90° is reported in
Figure 2. The depth of cut set in the model was 15 pum, and a cutting
velocity boundary condition was assigned to the tool, realising a dynamic
explicit analysis. For fibre orientation 6=0°, due to the small depth of cut
a model implementing three fibres was developed. However, a fibre length
of 200 um along the cutting direction was considered in order to eventually
accommodate a fibre failure due to bending, which is typical when machining
at fibre angle 6=0° and positive rake angles. Below them, an EHM phase
was positioned in order to introduce the necessary stiffness.

The epoxy matrix was implemented according to a static compressive
stress-strain curve at room temperature and the element in the model was
considered failed when the Von Mises stress reaches the ultimate stress level,
while the carbon fibres were simulated as transversely isotropic and perfectly
elastic to failure with failure criterion based on the maximum principal stress.
Both failure criteria have been already used in the literature to study the
orthogonal cutting on FRPs’ material [17, 18, 24|. The material properties
are reported in Table 1.

Contact conditions were implemented through general contact algorithm,
where the penalty method was used to enforce the contact constraint between
surfaces. The contact property was defined in terms of Coulomb model con-
sidering a constant friction coefficient equal to 0.3 for all fibre orientations,
as suggested by Venu Gopala Rao et al. [17].

About the modelling of the cohesive zone, the novel approach developed
by Abena et al. [20] was implemented to avoid excessive deformation of
cohesive elements, which usually leads to analysis failure, and obtain a good



representation and description of the cohesive behaviour during the analysis.
This approach utilises zero thickness cohesive elements based on traction-
separation law, where coupling of traction and shear is considered for damage
initiation and failure. In addition, failure due to connectivity is implemented
by means of a user-defined field subroutine (VUSDFLD) so that the cohesive
element fails when one of the surrounding elements (matrix or fibre), at which
it is connected, fails. Tie constraint was implemented between the EHM and
micro-mechanical zone, and also between adjacent phases (matrix, fibre and
cohesive).

The mesh in the micro-mechanical area was realized by employing 3D
Stress Hex elements and setting the mesh seed on the edges equal to 1 um.
In order to reduce the computational cost of the analysis, coarse mesh was
used in the EHM zone with elements having a maximum length of 10 ym in
the x-y plane far from the cutting area.

Further details on the FEM model can be found in Abena [1] work.

2.2. SPH modelling

A three-dimensional model with cylindrical fibres was developed imple-
menting the SPH method in Abaqus software, as shown in Figure 3. The
depth of cut set in the model was 15 pm, and a cutting velocity boundary
condition was assigned to the tool, realising a dynamic explicit analysis. In
order to reduce the computational cost, half geometry for the fibres was con-
sidered, assuming the symmetry as for the FE model. The model was not
entirely composed of SPH elements; in fact the finite element method was
used for the EHM phase. The boundary conditions were the same as applied
in the models using the FE method. Tie constraint was applied between the
SPH matrix and the EHM phase. Since SPH particles can undergo large
displacements, even flying away from the cutting area in case damage is ex-
perienced, the imposition of the condition of symmetry on the SPH elements
is not sufficient. For this reason, two rigid surfaces were positioned in the
model on both sides, avoiding particles moving in z direction out from the
simulated strip. Contact with no friction was implemented between particles
and rigid surfaces. Particles were positioned in the model with a relative dis-
tance of 1 um, in order to reduce as much as possible any difference with the
models developed using the FE method where a mesh seed of 1 ym was used.
No condition was needed to be set between the fibres and matrix particles.
Unfortunately, unlike the FEM, no cohesive model can be implemented when



the SPH method is used. Therefore, information on the fibre-matrix interface
cannot be obtained.

In order to simulate interaction between parts having different material
models using the SPH method, an user subroutine needed to be developed
as described in detail below.

Implementation of a VUMAT subroutine for the SPH model. The main lim-
itation when using the SPH method in Abaqus exists in the inability to sim-
ulate the interaction between two or more parts modelled with that method,
to which different material models have been assigned. In the present model,
two different phases based on the SPH method are implemented: fibre and
matrix. Hence, it is of fundamental importance to overcome this limitation.
To this end, a user subroutine has been developed, in which material models
for fibre and matrix have been implemented. In fact, fibre and matrix have
been developed in the same part in Abaqus/CAE. Afterwards, knowing the
ID number of particles belonging to each phase, different properties and con-
stitutive behaviours have been assigned to each particle using a field variable
in a VUMAT subroutine to identify fibre and matrix. Using the described
method, a unique material card can be used in the analysis, making possible
the simulation of the contact between fibre and matrix.

In order to compare results obtained using the SPH and the FE method,
the constitutive behaviour for each phase coded in the VUMAT has to be the
same as implemented using Abaqus/CAE in Section 2.1. However, for each
material model, the material damage also needs to be coded together with
post-failure behaviour, since elements are not deleted in the SPH method.

Matrix material has been coded having an elasto-plastic behaviour, with
the plastic region defined by means of Von Mises yield criterion, and isotropic
hardening.

The general approach to simulate material damage that can be used for
the matrix phase in Abaqus is reported in Figure 4(a). The elastic beha-
viour identified by the Young’s modulus F, and by the yield stress oy can
be recognised, followed by the plastic behaviour. When material damage is
introduced in the material model, oy and Egl identify the damage initiation
condition, representing the yield stress and the equivalent plastic strain at
the onset of damage, respectively. In order to simulate the damage evolu-
tion during the analysis, a damage variable 0<D<1 has to be considered,
simulating the damage through material stiffness degradation. At the dam-
age initiation point, the damage variable assumes value D=0. It rises with



the increase of damage experienced by the element till it reaches the unitary
value, at which the element loses its load-carry capacity and is deleted from
the simulation. The failure condition is identified by the equivalent plastic
strain at failure E?l.

In the FEM model, no damage evolution is set, with the element failing
once the Von Mises stress reaches the ultimate stress level (Figure 4(b)).

In order to obtain the same behaviour using the VUMAT subroutine, the
condition reported in Equation (1) [32] has been implemented to identify
damage initiation:

de?!
,pl
€D

Wp = = 1 (1)

where wp is a state variable increasing with the plastic deformation; and 6%1
represents the equivalent plastic strain at the onset of damage. No damage
evolution has been considered after damage initiation. However, differently
from the FEM, the element is not deleted from the analysis. The mater-
ial stiffness is instantaneously degraded considering a value of the damage
variable of D=0.8, which has been kept constant over all the analysis after
the damage initiation condition was verified in the element. The value of
the damage variable (D=0.8) was obtained by means of a parametric study
aiming to match the experimental cutting force and thrust force values. The
constitutive behaviour can be represented as reported in Figure 4(c).

As for the FEM model, the fibre has been simulated in the VUMAT as
transversely isotropic and perfectly elastic until damage initiation. The lat-
ter is represented by the maximum principal stress criterion. It is verified
when the maximum compressive/tensile principal stress in an element ex-
ceeds the fibre compressive/tensile strength limit. When this happens, the
element is deleted by the analysis in the FEM. Differently, material stiffness
degradation has been implemented for the SPH method. In particular, the
fibre constitutive model with the associated stiffness matrix is reported in
Equation (2) [32-34]:
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where the superscript DS stands for data-sheet, i.e. terms associated with
this symbol represent the material properties without damage.

Three damage variables have also been introduced: dy, ds, d3. The former
is linked with the damage along the fibre direction 1, while the other two
govern the damage in the plane of isotropy 2-3. Hence, ds and d3 have the
same value. The damage variables can be implemented straightforwardly
to calculate the damaged Young’s modulus for each direction; and used to
calculate the damaged Poisson’s ratio. In fact, even for the damaged material,
Equation (3) has to be satisfied [34]:

Vij . ij‘

E " E (3)

J

In addition, dgs1o, ds13, dso3 represent the damage variables to shear in
the planes 1-2, 1-3, and in the plane of isotropy 2-3, respectively. Similarly



to what is reported in the Abaqus manual on damage and failure for fibre-
reinforced composites [32], the generic shear damage variable d;; is calculated
as a function of the damage variables in direction 7 and j, i.e. d; and d;,
respectively.

The damage variables’ values are set to zero if the damage initiation
condition has not been satisfied (d; = do = d3 = 0). Otherwise, mater-
ial degradation takes place instantaneously, without damage evolution, and
damage variables are set directly to the maximum and final values considered:
dy = 0.4, dy = 0.8, d3 = 0.8. The values of the damage variables (d;, da, d3)
were obtained by means of a parametric study aiming to match the experi-
mental cutting force and thrust force values.

Material properties implemented for each phase in the SPH model are
the same as those used in the FEM model (Table 1).

Further details on the SPH model can be found in Abena [1] work.

3. Validation of modelling results

Models developed were validated against orthogonal cutting experiment
realised by Calzada et al. [16]. A micro-machining of unidirectional CFRP
was carried out considering different fibre orientation (/=0°,45°90°,135°),
where the fibre angle is defined as shown in Figure 5a. Tool geometry and
machining parameters used, in terms of cutting speed and depth of cut, are
reported in Table 2. For each fibre orientation cutting force and thrust force
were measured by means of an Kistler 9018 triaxial load cell embedded into
the tool. In addition, a Phantom v.7.0 high-speed camera was used to observe
and study the chip formation mechanism. During machining the tool was
held stationary while the workpiece was moved along the cutting direction.
A schematic of the experiment setup is shown in Figure 5b. This experiment
has been chosen as reference for model validation because it takes place at the
micro-scale level, helping in reducing the computational cost of the analysis.
In fact, since it is a micro-machining, the amount of material involved in the
cut is contained around the cutting zone allowing to model a smaller part of
the workpiece containing the computational cost.

4. Results and discussion

Results obtained using FE method and SPH method are presented and
discussed in this section. In particular, a comparison is carried out looking
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at the chip formation mechanism, damage, type and morphology of the chip,
cutting force and thrust force for each fibre orientation. In addition, analysis
of cohesive element behaviour has been carried out for FE model. Numerical
results are also compared with experimental findings to assess the differences
between two approaches used.

4.1. Chip formation mechanism and damage at various fibre orientations

4.1.1. FE model results

Fibre orientation §=(0°. Configuration of the model during cutting is repor-
ted in Figure 6. During tool advancement matrix crushing and fibre failure
due to compression is observed, with curling chip formed by a thin matrix
material, once the fibre elements are deleted. This material removal mechan-
ism differs from the experimentally observed Type I [16] and expected from
the literature [35, 36|, where fibre failure is due to bending ahead of the cut-
ting tool. This is due to deletion of elements once the failure criterion has
been reached.

Variable PEEQ), provided as output in Abaqus software, represents the
equivalent plastic strain, i.e. the amount of permanent/non recoverable strain
accumulated in the machined workpiece. This variable was chosen to ana-
lyse the matrix condition after machining (Figure 7(a)). Plastic deformation
remains close to the cutting plane, reaching a few micrometers in depth.

For analysing cohesive elements, Abaqus software provides as output the
SDEG variable. Tt represents the overall value of the scalar damage in the
cohesive elements. Its value varies from zero to one. A value equal to zero
means that the cohesive element has not experienced damage yet. The value
of the SDEG variable increases with the increment of damage accumulated
in the cohesive element. When the unitary value is reached, the cohesive
element fails and it is deleted from the analysis. Therefore, a value of SDEG
variable close to unity means an imminent failure of the cohesive element.
The SDEG variable is used to study the cohesive behaviour during machin-
ing (Figure 7(b)). Cohesive elements experience damage ahead of the tool.
However, they fail only when they come close to the tool, due to surround-
ing element failure. Finally, small amount of damage is visible for cohesive
elements below the machined surface.

Fibre orientation 60=45°. Configuration of the model during cutting is re-
ported in Figure 8, where the chip formation mechanism can be observed.
Due to tool advancement, a crack propagates from the contact point across
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the fibre, orthogonally to the fibre axis (Figure 8(a)). Further tool displace-
ment causes a fibre failure due to compression, as observed in the experiment
[16], with fibre release along its axis (Figure 8(b)). In the meantime, matrix
crushing takes place between two consecutive fibres and at the contact point
with the tool.

Variable PEEQ was considered to analyse the matrix condition after ma-
chining (Figure 9(a)). It is possible to observe that plastic deformations ex-
tend below the cutting plane, reaching a maximum depth (~4.2 um) between
two consecutive fibres. Plastic deformations are also visible ahead of the cut-
ting tool, which start from the tool tip and propagate along the fibre axis
due to the shear.

The cohesive elements’ behaviour during cutting is shown in Figure 9(b)
and Figure 10. Due to tool advancement, fibres undergo displacement along
their axis. Hence, cohesive elements experience shear and normal deforma-
tion until failure, which is mainly due to the former.

The chip formation mechanism predicted by the FEM model agrees well
with Type III in literature |2, 35].

Fibre orientation 6=90°. The chip formation mechanism is shown in Figure
11. Crack formation takes place at the contact point with the tool. It
propagates in a direction orthogonal to the fibre axis, cutting the fibre into
two parts, as observed by Calzada et al. [16]. Due to tool advancement,
the upper part of the cracked fibre is lifted and compressed against the next
fibre, experiencing further compression failure and forming the chip. No
bending failure, usually taking place below the cutting plane, was observed,
in agreement with experimental findings [16]. This behaviour represents the
expected chip formation mechanism, typical of Type IV [2, 36].

Matrix failure is due to compression. A crack extending vertically for
~10 pm corresponding to the third fibre can be observed in Figure 12(a).
The PEEQ variable shows how plastic deformations are experienced by the
matrix far below the trim plane (~30 pm) after machining and ahead of the
cutting tool. However, elements representing the matrix fail mainly above
the cutting plane.

The cohesive elements’ damage after machining is reported in Figure
12(b). Damage depth reaches almost the end of the finite element model,
hence having a depth of about 100 pum. However, the variable SDEG gener-
ally does not reach the unitary value, so debonding is not generated.

During machining, cohesive elements undergo shear. However, cohesive
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elements’ failure is caused by surrounding element failure. This is also the
cause of the vertical crack taking place in cohesive elements at the matrix
failure location below the cutting plane.

Fibre orientation 0=135°. The chip formation mechanism is shown in Figure
13. The cutting tool engages the fibre causing bending deformation until
failure, as expected from experimental observation [16] and represents Type
V removal mechanism reported in the literature [3, 37]. Fibre fracture occurs
a few micrometres below the trim plane in the model, while in the experiment
fibre length in the chip has been found about 50 pum-80 um, suggesting a
fibre fracture due to bending deeper below the cutting plane. Due to matrix
compression failure, two consecutive fibres come into contact. In particular,
the upper part of the fractured fibre pushes against the top part of the
next fibre, causing a crack formation at a higher position. Hence, the crack
propagates orthogonally to the fibres’ axis towards the free surface of the
sample. At the end of the analysis a crack is visible below the cutting plane
in the fourth fibre. It is due to further bending caused by tool advancement
in the already fractured fibre.

Due to fibre bending and to the pushing action of the tool, debonding
takes place at the fibre-matrix interface, as shown in Figure 14. The cohesive
elements fail sequentially with fibre bending increase, with damage extend-
ing deeper in the workpiece. Information on damage experienced by cohesive
elements is reported in Figure 15(b). Damage extends along the fibre direc-
tion deep in the workpiece ~48 pum below the cutting plane and a maximum
debonding length of ~17 pum was observed.

Matrix failure and plastic deformations after machining are shown in
Figure 15(a). Matrix failure due to compression takes place between two
consecutive fibres above the cutting plane. Due to fibre bending, a region
where the matrix experiences tensile failure is visible below the cutting plane,
generating a crack that penetrates deep in the workpiece (~12 pm below the
cutting plane).

4.1.2. SPH model results

Fibre orientation 6=0°. The deformed configuration of the model during
cutting is reported in Figure 16. Abaqus software allows to assign different
properties and constitutive behaviours to each particle depending on the
phase that the particle represents in the model, i.e. fibre or matrix. As
already reported in the description of the development of the SPH model,

13



the assignment of properties and constitutive behaviours to each particle was
realised using a field variable (FV1) in a VUMAT subroutine. Properties and
constitutive behaviours of matrix and fibre phases were identified by a value
of the field variable (FV1) equal to zero and one, respectively. Therefore, the
field variable FV1 provided in output by Abaqus software can also be used
to visually distinguish fibres (FV1=1, red colour) from matrix (FV1=0, blue
colour) in the simulation results (Figure 16).

In Figure 16 it is possible to observe that the absence of element dele-
tion during the analysis totally changes the chip formation mechanism when
compared with the FEM model (Figure 6). In particular, when the SPH
method is employed, the bouncing back is observed during cutting due to
the elastic recovery of the material after the tool has passed. In fact, the
contact between the tool clearance face and the workpiece machined surface
is clearly visible. This was not possible to detect in the FEM model due
to the deletion of failed elements and represents an advantage of the SPH
method, which shows a material behaviour closer to that usually observed
during cutting of CFRP.

The tool causes fibre and matrix compression in the direction of the fibre
axis during advancement, with consequent material damage around the tool-
workpiece contact area. Differently from the FEM model, elements are not
deleted from the analysis, but they experience degradation of the material
properties. Hence, the damaged material cannot leave the cutting zone, as
it is entrapped between the tool and the upper part of the material which
is still not affected by damage. The damaged area expands with further
tool advancement and a crack propagates horizontally ahead of it, affecting
the elements located on the fibre-matrix border. In addition, the damaged
material helps in transferring the tool action to the undamaged elements,
favouring material opening. During crack propagation fibre bending takes
place. When the crack reaches a length of ~30 um, it suddenly changes
direction, moving through the fibre towards the free surface of the sample.
In addition, the crack also moves through the matrix at the same time. When
it reaches the free surface, the chip, composed of the cut fibre and matrix,
is released and the process repeats again. Differently, in the FEM model a
thin curl chip was formed by a small amount of matrix material located on
the upper free edge of the sample. Almost the totality of the material in
front of the tool, that was supposed to form the chip, was deleted from the
analysis due to failure. This represents a non realistic behaviour, while that
observed in the SPH model is closer to that observed by Calzada et al. [16]
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and representative of Type I chip formation mechanism.

When writing a subroutine, Abaqus software allows the user to define
solution-dependent state variables (SDVs). It is possible to associate to a
solution-dependent state variable any quantity calculated in the subroutine,
which will be stored and written in the results file and therefore available
as output at the end of the simulation. For material model implementa-
tion the VUMAT subroutine was used in this work, and solution-dependent
state variables were implemented to make variables of interest defined and
calculated in the subroutine available in the results of the simulation.

The solution-dependent state variable SDV13 was used to store the dam-
age experienced by the material, which is shown in Figure 17. The variable
SDV13 assumes value equal to zero for particles that have not experienced
damage yet and one for damaged particles, i.e. particles for which the mater-
ial stiffness has been degraded to simulate damage. The damage extension
tends to reach the EHM phase (~12 pm below the cutting plane). The dam-
aged material can also be observed until ~8 pum ahead of the cutting tool.
Considering the fibres (Figure 17(a)), damage is mainly concentrated along
the crack propagation path in the external fibre, which allows the formation
of the chip. The second fibre presents large amounts of damage being almost
totally crushed by the round tool cutting edge. The third fibre, located near
the EHM phase, shows damages mostly in the upper part. Damages in the
matrix (Figure 17(b)) are more spread out, reaching the EHM phase.

The SPH model shows larger damaged areas both for fibre and matrix
phases compared to the FEM model (Figure 6).

The equivalent plastic strain (i.e. the amount of permanent/non recover-
able strain accumulated during machining) calculated in the subroutine for
the matrix was stored in the solution-dependent state variable SDV7 and
shown in Figure 18(a). A scale with a minimum value of 1.0e-3 has been
set, while a maximum value of 0.32 has been considered. The latter repres-
ents the value of the plastic deformation at the onset of damage. Hence, all
areas coloured in Figure 18(a) represent zones where no damage has been
experienced yet. Instead, grey areas represent damaged material, where very
large plastic deformation can occur. The magnitude of the plastic deform-
ations reduces, moving far from the tool and showing values near to the
maximum set around the damaged area, indicating imminent degradation
of material properties. Plastic deformations rise in the matrix ahead of the
tool and deep in the material reaching the EHM phase (~12 pm below the
cutting plane). This behaviour represents a big difference to that observed in
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the FEM model, where plastic deformations in the matrix remain contained
around the cutting area, as shown in Figure 18(b). It is due to the presence of
damaged material that, reaming in the SPH model, causes a bigger amount
of material involved during cutting.

Fibre orientation 0=45°. The model configuration at the end of the analysis
is reported in Figure 19. At the beginning of the analysis, the tool pushes
the material along the cutting direction, causing damage in the particles in
contact with the cutting edge. During tool advancement, material experi-
ences shear with fibres undergoing displacement along their axis. Due to this
behaviour, shear damage takes place in the weaker phase, the matrix. Fur-
ther tool displacement causes an increase in the shear damage and damage
propagation in a direction orthogonal to the fibre axis from the cutting edge.

The amount of damage increases as the tool advances, with the mater-
ial being divided into two parts: the upper, forming the chip through shear
deformation sliding on the rake face; and the lower, undergoing compression
below the tool. As for fibre angle #—=0°, bouncing back due to elastic recovery
after the tool has passed is clearly visible in Figure 19, as the clearance face
and the workpiece machined surface are in contact. In addition, chip form-
ation through shear deformation is highly visible at the end of the analysis,
showing the chip shape. In general, the chip formation mechanism seems
similar to that observed for the FEM model (Figure 8). It is representative
of Type III chip formation mechanism.

Material damage is shown in Figure 20, by means of variable SDV13.

Material forming the chip experiences damage due to shear and compres-
sion. The latter is exerted by the tool on the area in front of the cutting
edge; the consequent damage is transported by the material in the chip and
in the machined surface. Damage extends below the cutting plane (~24 um),
reaching also the vertical free edge of the workpiece, propagating along the
border area between the matrix and fibres (Figure 20(a)).

Matrix damage extends ahead of the cutting tool, especially at the border
with the fibres due to shear deformation. Moreover, subsurface damages can
also be observed in Figure 20(b). The path of the damage in the matrix
seems to be influenced by the presence of fibres, travelling around them deep
in the workpiece. Damage depth in the matrix (~19 pm) is higher than that
experienced in the FEM model (Figure 9(a)), where it remains very close to
the cutting plane (a few micrometer).

During advancement, the tool comes into contact with different fibres
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sequentially. For each of them damage firstly propagates in a direction or-
thogonal to the fibre axis, and then it extends along the fibre-matrix border
mainly towards the free surface. Further advancement of the tool causes
damage propagation within the fibre, as visible in Figure 20(c). As for the
matrix, the extension of damage in the fibres is larger when the SPH method
is employed. In fact, it extends ~24 pym below the cutting plane in the SPH
model, while in the FEM model it extends a few micrometer (Figure 8).

The equivalent plastic strain for the matrix is reported in Figure 21. Very
high plastic deformations are located in the areas that have experienced dam-
age. As observed for fibre angle 6=0°, plastic deformations are not contained
near the tool and the cutting plane, but they reach the EHM phase, assuming
values ~1.0e-3 in its vicinity (Figure 21(a)). Plastic deformations are much
more contained in the FEM model as shown in Figure 21(b).

Fibre orientation §=90°. The model configuration at the end of the analysis
is shown in Figure 22. The cutting tool advancement causes a fibre failure
due to compression at the contact point. The damaged area extends all
around the cutting edge. Afterwards, the fibre is divided into two parts,
with the upper part being lifted while sliding on the tool rake face, and
compressed against the next fibre. The lifting causes a shear deformation
in the material during chip formation. It is possible to observe that the
machined surface exhibits elastic recovery after the tool has passed. The
chip formation mechanism is similar to that observed in the FEM model
(Type IV).

Material damage during cutting is shown in Figure 23. Damage extends
ahead of the tool and below the cutting path (~24 um). In particular, it
seems to propagate equally in all directions starting from the cutting edge in
the matrix phase (Figure 23(b)). This behaviour produces a damaged area
having a circular shape around the tool. Damage extension is less expanded in
the fibre phase (Figure 23(a)). Damage below the trim plane can be observed
with the damage propagating along the fibre direction near the fibre-matrix
border. In Figure 22(a) and Figure 23(a) it is also possible to notice as
the first fibre, undergoing the cut, experiences a bending deformation in the
opposite direction to the tool velocity. In fact, the tool compresses the fibres
causing a bending deformation in the same direction as its displacement.
After the fibre is cut, the lower part experiences an elastic recovery, which
causes a fibre oscillation around the vertical position and an increase in the
material damage. In fact, while the first fibre experiences the elastic recovery,
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the second one is pushed forward by the tool. This double action causes
further damage propagation in the machined material near the fibre-matrix
boarder. Similar to the previous fibre orientations analysed, the damaged
area is greater for the SPH model.

The equivalent plastic strain in the matrix phase has been reported in
Figure 24. The plastic deformation experienced by the matrix is more exten-
ded in the SPH model. In fact, the particles having a grey colour in Figure
24(a) represent damaged areas, below which plastic deformation is visible.
It reduces in magnitude moving away from the tool, deep in the workpiece.
Differently, in the FEM model the plastic deformation is more contained near
the tool, Figure 24(b).

Fibre orientation §=135°. The model configuration is reported in Figure 25.
Material removal can be studied observing material deformation during cut-
ting combined with damage experienced by the material; these are reported
in Figure 26 and Figure 27. During advancement the tool engages the fibre,
exerting a peeling action while pushing forward (Figure 26). This causes a
bending deformation of the fibre with local compression at the contact point
with the cutting edge. The former causes separation between the fibre and
the matrix below the cutting plane; while the latter causes a fibre fracture.
Bending deformation is experienced by numerous fibres ahead of the tool,
with damage rising far ahead of the tool at the border between the fibre
and matrix. A further displacement of the tool causes a fibre failure due
to bending, with the upper part fractured into two pieces due to compres-
sion. Similar behaviour is experienced by the following fibre which undergoes
bending and compression. The upper parts of fractured fibres fly away in the
form of a powder-like chip. The border of the damaged area ahead of the
tool extends in a direction orthogonal to the fibre orientation, towards the
free surface of the workpiece.

Despite the SPH method not implementing cohesive elements, it is able
to predict the fibre-matrix detachment due to the failure of particles near
the border along the fibre direction. This behaviour, which can be observed
in Figure 27, may be interpreted as debonding.

In order to observe a periodic chip formation, a bigger cutting length
should be simulated. However, the model seems to predict a chip formation
mechanism similar to Type V in agreement with the literature [3].

The equivalent plastic strain in the matrix phase is reported in Figure
28(a) and compared with that obtained in the FEM results (Figure 28(b)).
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As for previous orientations, the area affected by plastic deformation during
cutting is more extended in the SPH model, propagating along the fibre
direction. The particles in grey represent the damaged material, which is
surrounded by elements where the damage is imminent. Plastic deformation
reduces, moving far from the cutting zone.

Since in the FEM model elements are deleted during the analysis, plastic
deformation and damage are contained, compared with the SPH model. In
fact, when an element is deleted, the tool moves forward until it comes into
contact with the next element. Differently, in the SPH method the damaged
material is still present in the model, interposing between tool and the un-
damaged material. No loss of contact is generally visible between the tool
and the workpiece. It generates larger areas of damage and deformation
increasing the volume of material involved during cutting.

4.2. Type and morphology of the chip

The chip obtained using the SPH method was compared with that ob-
served with the FEM method and also with experimental published data
(Figure 29). For the latter, images obtained by Calzada et al. [16], using a
high-speed camera, were considered.

Chips obtained from experiments seem to be continuous for all fibre ori-
entations, except for #=135°. For fibre angle #=0°, a big difference can be
noticed between the SPH and the FEM results. Even if the former produces
a discontinuous chip, formed by short fibre pieces due to bending failure, the
chip formation mechanism is more similar to that observed in the experi-
ments (Type I). Differently, in the FEM model the element deletion due to
failure causes non physical behaviour with material loss during cutting.

Independently on fibre orientation, the FEM model usually generates a
fragmented chip, which is formed by isolated fibre pieces with a few mat-
rix elements attached to them. On the macro-scale it can be described as
a powder-like chip. In contrast, the chip formed using the SPH method is
continuous for fibre angles 6=45° and #=90°, as observed in the experiments.
It is composed mainly of damaged particles, which can interact between each
other after failure, deforming according to the constitutive model implemen-
ted in the VUMAT subroutine.

When machining at §—90° using the SPH method, the chip sliding on
the rake face tends to separate from the tool, forming a curling chip. This
behaviour is comparable with the high-speed camera image. It is less visible
for fibre orientation 6=45°.
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Fibre angle 6=135° represents the most expensive numerical model. It
is due to the large number of elements necessary to represent the composite
material for that fibre orientation. For this reason, only the cutting length
necessary to study and understand the chip formation mechanism was sim-
ulated. It is not enough to observe the formation of the periodic chip, dif-
ferently by the other orientations. However, using the SPH model, fibres are
able to withstand higher bending deformations. Even in this case, the FEM
model generates a chip formed by separated short fibres. The SPH method
seems more prone to show a deformation similar to the experimental image,
where fibres deform in a bundle, remaining connected to each other.

4.3. Bouncing back

The bouncing back represents the amount of elastic recovery the work-
piece undergoes after the tool has passed, which influences the depth of cut
and the thrust force. The bouncing back can be observed and studied when
using the SPH method, differently from the FEM method where the element
deletion usually leads to a gap between the tool clearance face and the ma-
chined surface. Hence, the magnitude of the elastic recovery the material
undergoes can be measured for the SPH method at each fibre orientation.
Values obtained are reported in Figure 30. It is possible to observe that
the predicted bouncing back amount decreases with fibre orientation. This
is in contrast with experimental results obtained by Wang and Zhang [31],
where the bouncing back was observed to be about the cutting edge radius for
0<90°, while it can reach more than double of the tool radius for 6>90°. This
can be justified considering the simulated cutting length. It represents an
important factor that could affect the measurements. In fact, after the tool
has passed the material needs time to experience the elastic recovery. Hence,
a long cutting length is required to move the tool far from the machined
area, where the bouncing back is measured, allowing the material to reach
the final configuration. Except for fibre orientation #—0°, material elastic
recovery was not totally completed at the end of the analysis. In addition,
chip formation was not completed during simulation at fibre angle 6=135°,
due to the high computational cost. For this reason only the bouncing back
at fibre orientation #=0° can be considered for discussion. It is shown in
Figure 31. The bouncing back amount was estimated to be about ~5 um,
i.e. equal to the cutting edge radius of the tool, which represents the expec-
ted value based on the experimental observation of Wang and Zhang [31].
This result highlighted the ability of the SPH method to provide additional
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and important information when compared to the FEM, and to consider the
effects of the bouncing back on the actual depth of cut and the thrust force
during cutting. In fact, it is possible to assert that for fibre orientation =0°,
the nominal depth of cut is 15 pm, but due to the bouncing back the real
(actual) depth of cut is 10 um. Consequently, the thrust force is affected by
the elastic recovery of the material that pushing against the clearance face
of the tool generates a force component along a direction orthogonal to the
cutting speed and directed upwards.

Prediction of bouncing back using SPH method can be further improved
optimising the damage variables for matrix and fibres by means of an iterative
approach aiming to minimise discrepancies with expected results.

4.4. Cutting force and thrust force

Cutting force and thrust force calculated in the SPH model were com-
pared with results obtained by means of a FEM model and from experiments
[16].

Cutting force prediction improves when using the SPH method, except
for fibre orientation #=135° (Figure 32). In particular, a good agreement
can be observed for #—0° and #—90°, with an improvement of 31% and 4.3%
compared with FEM model, respectively. Cutting force at 6=45° remains
underestimated with an error of ~27 %. At fibre angle #=135°, both the
SPH model and the FEM model overestimate the cutting force, with the
former showing a prediction which is double of the experimental value. This
could be attributed to the cutting length simulated, which is not sufficient to
observe a periodic chip, and so it is not really representative of the average
cutting force during machining.

The SPH method shows a better agreement with the experimental results
in terms of thrust force for all the fibre orientations considered (Figure 33).
It is possible to observe a large increase in the force predicted compared to
the FEM model, becoming closer to the experimental results. It is particu-
larly evident for fibre angles #—0°,90°,135°, where prediction improve of 26%,
29.7% and 28%, respectively. However, thrust force is still underestimated
for all fibre angles.

Since bouncing back and thrust force are connected, a longer analysis
time could increase the thrust force due to an increase of the bouncing back,
allowing the material to reach the final configuration after the tool has passed.

Prediction of machining force using SPH method can be further improved
optimising the damage variables for matrix and fibres by means of an iterative
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approach aiming to minimise discrepancies with experimental results.

5. Conclusions

The smoothed particle hydrodynamics method has been employed to sim-
ulate the orthogonal cutting of UD-CFRP, using the micro-mechanical ap-
proach. Different fibre orientations have been considered and results com-
pared with those obtained using a FE method and against experimental
findings [16].

The SPH method has proved to be more capable in simulating the chip
formation mechanisms, especially at fibre orientation #=0°, providing also
detailed information on the bouncing back and consequently on the real
depth of cut. In particular, for fibre orientation 6=0° the cutting length
simulated is enough to measure the final bouncing back amount. It has been
found to be equal to the cutting edge radius (~5 pm), as expected from the
literature, and leading to a real (actual) depth of cut of 10 pm starting from
a nominal depth of cut of 15 pm.

For all fibre orientations damage extension is larger when employing the
SPH method due to the presence of damaged material around the tool, which
causes an increase of material involved in the cutting. For the same reason,
also the matrix’ plastic deformation in the machined workpiece results more
extended.

In general, the chip morphology predicted by the SPH method seems
to be more accurate when compared with high-speed camera images, being
more prone to generate a continuous chip. In addition, for /=0° and §=135°,
it is possible to observe how the SPH method is able to predict behaviour
similar to debonding at the fibre-matrix border.

The SPH method shows also a better prediction in terms of cutting force
for all fibre orientations, except for 6=135°. Improvements can reach ~30%
for 6=0°. The high value presented for §=135° can be associated with the
cutting length simulated, which is not enough to obtain a periodic chip and
so a reliable value for the average cutting force. Thrust force results improve
using the SPH method for all fibre orientations reaching ~30% improvement
for #—=90° and 0—135°, and ~26% for 6—0°compared to the FE method.
However, a longer cutting length could help in increasing the numerical thrust
force bringing them closer to the experimental values due to an increase of
bouncing back (increase of material pushing of the tool clearance face due to
elastic recovery).
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Finally, it is possible to assert that the SPH method is able to improve
the prediction of chip formation mechanisms and machining force during
cutting compared with the generally used FE method, allowing also study-
ing the bouncing back, hence providing a prediction of the actual depth of
cut. However, differently from the FE method it is not able to provide any
information on the fibre-matrix interface due to the absence of a cohesive
model.

Numerical results using SPH method can be further improved optimising
the damage variables for matrix and fibres by means of an iterative approach
aiming to minimise discrepancies with experimental results.
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Table 1: Material properties for carbon fibre, epoxy matrix, fibre-matrix interface and
EHM phase implemented in the numerical model [16, 17, 38, 39].

Material Property Value

Carbon fibre Elastic constants E1=235 GPa, E,=E3=14 GPa
V19 = v13—0.2, 193=0.25
G12:G13:28 GPa, G23:5.5 GPa
Longitudinal strength X;=3.59 GPa, X.=3 GPa

Diameter 7.5 um
Volume percentage 60 %
Epoxy Elastic constants E=2.96 GPa, v=0.4
Yield strength o,~74.7 MPa
Interface Normal strength Omaz—167.5 MPa
Shear strength Tmaz=25 MPa
Fracture energy G°=0.05 N/mm?
EHM Elastic constants E1=142.184 GPa, E;=E3=7.606 GPa

Vo = V13:O.28, Vo3 ==0.347
G12:G13:4.151 GPa, G23:2824 GPa

Table 2: Machining parameters [16].

Tool 5 um edge radius
10° clearance angle
25° rake angle

Cutting speed 500 mm/min
Depth of cut 15 pm
Fibre orientations 0°, 45°, 90°, 135°
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Figure 1: Influence of fibre orientation and tool rake angle on the chip formation mechan-
isms [2]: (a) =0°- a>0°; (b) §=0°- a<0°; (c) 6=45°- a>0°; (d) §=45°- a<0°; (e) #=90°-
a>0°; (f) 6=135°- a>0°.

28



Cohesive

elements

y

U,=U,=U,=0

Figure 2: Schematic of the three-dimensional FEM model for fibre orientation §=90° with
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boundary conditions applied ; and (b) details of fibre and matrix (top view).
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Figure 4: Stress-strain curve considering damage during simulation.
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Figure 5: (a) Fibre angle definition; and (b) schematic of the experimental setup for a
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micro-scale orthogonal cutting [16].
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Figure 6: Model configuration during cutting for fibre orientation 6=0°.
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Figure 7: (a) Equivalent plastic strain in the matrix (fibres and cohesive elements are not

displayed); and (b) overall value of scalar damage SDEG for cohesive elements at fibre
orientation 6—=0°.
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Figure 8: (a) Model configuration during cutting; and (b) tool tip - workpiece interaction
for fibre orientation 6=45°.
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Figure 9: (a) Equivalent plastic strain in the matrix (fibres and cohesive elements are not

displayed); and (b) overall value of scalar damage SDEG for cohesive elements at fibre
orientation §=45°.
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Figure 10: Cohesive elements’ behaviour during cutting at fibre orientation §=45°.
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Figure 11: Model configuration during cutting for fibre orientation 6=90°.
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Figure 12: (a) Equivalent plastic strain in the matrix (fibres and cohesive elements are
not displayed); and (b) overall value of scalar damage SDEG for cohesive elements at fibre

orientation #=90°.
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Figure 13: Model configuration during cutting for fibre orientation #=135°.
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Figure 14: Debonding when machining at fibre orientation #=135°.
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Figure 15: (a) Equivalent plastic strain in the matrix (fibres and cohesive elements are
not displayed); and (b) overall value of scalar damage SDEG for cohesive elements at fibre
orientation §=135°.
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Figure 16: Model configuration during cutting implementing the SPH method for fibre
orientation 6=0°.
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Figure 17: Damage in (a) fibre and (b) matrix material identified by the variable SDV13
in the VUMAT subroutine for fibre orientation 6—0°.
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Figure 18: Equivalent plastic strain in the matrix material for the (a) SPH model and the
(b) FEM model at fibre orientation 6=0°.
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Figure 19: Model configuration implementing the SPH method for fibre orientation §=45°.
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Figure 20: Damage in (a) machined workpiece, (b) matrix material and (c) fibre material
identified by the variable SDV13 in the VUMAT subroutine for fibre orientation §—=45°.
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Figure 21: Equivalent plastic strain in the matrix material for fibre orientation §=45°.
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Figure 22: Model configuration implementing the SPH method for fibre orientation §=90°.
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Figure 23: Damage in (a) fibre and (b) matrix material identified by the variable SDV13
in the VUMAT subroutine for fibre orientation §=90°.
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Figure 24: Equivalent plastic strain in the matrix material for fibre orientation §=90°.
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Figure 25: Model configuration implementing the SPH method for fibre orientation

0=135°.
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Figure 26: (a) Model configuration; and (b) damage at 1.97e-3 seconds for fibre orientation

0—=135°.
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Figure 27: Damage in (a) fibre and (b) matrix material identified by the variable SDV13
in the VUMAT subroutine for fibre orientation §=135°.
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Figure 28: Equivalent plastic strain in the matrix material for fibre orientation §=135°.

43



X

(a) Experiment (b) SPH (c) FEM

Figure 29: Comparison of chip morphology for different fibre orientations considering: (a)
experimental results [16]; (b) SPH model; and (c) FEM model.
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Figure 30: Bouncing back amount calculated when employing the SPH method for different
fibre orientations.
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Figure 31: Bouncing back amount calculated when employing the SPH method at fibre
orientation 6=0°.
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Figure 32: Cutting force comparison for the SPH model, FEM model, and experiments
[16].
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Figure 33: Thrust force comparison for the SPH model, FEM model, and experiments
[16].
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