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Abstract: To investigate the influence of material damage
models on machining simulation of unidirectional fiber-
reinforced polymer composites (FRP), a two-dimensional
(2D) macro-mechanical finite element (FE) model was
developed. Four failure criteria in combination with two
degradation models were implemented in the machining
simulation. The simulation results were compared with
experimental data in literature. It is shown that both fail-
ure criterion and degradation model have significant influ-
ence on the chip shapes, cutting forces and sub-surface
damages. The cutting forces and chip shapes predicted by
Maximum stress criterion with progressive damage model
has a relatively better agreement with experimental obser-
vations. The simulated sub-surface damage also agrees
with experiments for low fiber orientation angles.
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1 Introduction

With excellent properties of high strength to weight ratio,
fatigue and corrosion resistance, fiber-reinforced polymer
composites (FRP) [1] are being widely used for high
responsibility applications in aeronautic, astronautic,
automotive and sports industries. Machining is required
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for final FRP parts to meet specific dimensional tolerance
before assembly. However, the machining process is vul-
nerable to damage such as fiber breakage, matrix damage,
debonding and delamination due to the discontinuity,
inhomogeneity and anisotropic nature. To reveal the fun-
damental nature of the machining process, quite a lot of
work has been conducted based on experiments [2-5]. The
influence of fiber orientation and machining parameters
are fully investigated.

Finite element modeling (FEM) is recognized as a pow-
erful tool for machining research. Quite a few studies for
FRP machining have been carried out based on FEM in
past years [6]. These studies can be classified as macro-
mechanical based approach in which the FRP is modeled as
equivalent homogeneous anisotropic material, and micro-
structure based approach in which multi phases and dif-
ferent constitutes are considered [7, 8]. There is also some
research combining both approaches in one model [9, 10].

Most macro-mechanical FEM models developed are
limited to orthogonal machining of unidirectional FRP
composites, in which different damage models and failure
criteria were applied. In earlier research [11], orthogonal
cutting of unidirectional FRP was analyzed with a dual
fracture process which incorporates Maximum stress and
Tsai-Hill criteria to simulate chip formation. The prin-
cipal cutting force predicted by numerical simulation
agrees well with experiments. Arola et al. [12] developed
an FEM model with a fracture criterion comprised of the
primary and secondary fracture. The cutting force pre-
diction agreed well with experimental records while the
thrust force did not. In the work by Ramesh et al. [13], an
elasto-plastic anisotropic material model is assumed, and
the “failure stress” was computed with a function similar
to yield criterion. Mahdi and Zhang [14] proposed an FEM
cutting model by applying Tsai-Hill criterion. Mahdi and
Zhang [15] also developed a 3D FEM model which applies
maximum shear stress as material separation criterion. It
is shown that the mesh intensity and remeshing strategy
play an important role in the cutting force prediction.

Recently, Rao et al. [16] developed a three-dimensional
(3D) FEM model for machining of unidirectional carbon
fiber reinforced polymer composites. The Tsai-Hill failure
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criterion was implemented for cutting force and chip
formation simulation. The dynamic explicit FEM model
proposed by Mkaddem and Mansori [17] also applied the
Tsai-Hill criterion to predict material failure. Lasri et al. [18]
studied 2D FEM machining models for unidirectional FRP
with Hashin, Maximum stress and Hoffman failure criteria.
The stiffness degradation was implemented by user sub-
routine (USDFLD). The cutting force predicted by Hashin
criteria was close to the experiment. In the FE model by
Santiuste et al. [19], the Hashin failure criterion with an
energy based progressive degradation method was used as
the material damage model. This work is further extended
into a 3D laminate model [20]. The influence of numerical
parameters on simulation results is also discussed [21].

Despite existing research work, the applicability of
macro-mechanical FEM to FRP machining simulation is
not conclusive. In some cases, numerical results agree
reasonably with experiments, however, in other works
the accuracy is not so good [8]. Also, the failure criterion
and damage model were selected arbitrarily to a certain
extent in exiting models. The objective of this paper is
to investigate the influence of failure criterion and mate-
rial degradation models on machining simulation of
unidirectional FRP, rather than to build one FEM model
which fits experiments. A 2D orthogonal machining FEM
model was developed in commercially available software
ABAQUS (a product of Dassault Systémes Simulia Corp.,
Providence, RI, USA) according to experimental study
[5]. Four failure criteria and two material degradation
strategies are implemented. The numerical simulation
results were compared with experiments in terms of chip
shapes, cutting forces, and sub-surface damages [5].
Special attention is paid to the difference between simu-
lation results of various models.

Compared with existing 2D FE cutting models in
literature in which only instantaneous damage was
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implemented [18], or Hashin progressive damage models
was used [19, 21], the novelty of this study is the VUMAT
implementation of both instantaneous damage and pro-
gressive damage model for multiple failure criteria. Par-
ticularly, the progressive damage model proposed for
Maximum stress criterion was one of the new contribu-
tions developed.

2 FEM model

2.1 Assumptions, control volumes and
meshes

The geometry and boundary conditions of the FE model
are shown in Figure 1. Only a small material area (3 mm
x2 mm) close to the tool tip is modeled and meshed, as
3 mm length of cut is enough to reach a steady machining
process.

Cutting conditions are set as the same as in the experi-
ment [5]. The geometry of the cutting tool (edge radius,
rake and clearance angle), fiber orientation and cutting
parameters such as cutting speed, depth of cut, etc, are
listed in Table 1.

The machining process is simulated with quasi-static
explicit analysis. The explicit dynamic method is used due
to the advantages of computational efficiency for applica-
tions involving large deformation and high nonlinearities
such as machining. The cutting tool is modeled as a rigid
body with a predefined velocity v in the negative x-direc-
tion. A reference point at the top right corner is defined
to control the movement of the tool, offering output of
the reaction force by summing the contact forces. For the
modeled area, the bottom and both sides of the workpiece
are restricted as shown in Figure 1.
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Figure 1: Orthogonal machining of fiber-reinforced polymer composites (FRP).



DE GRUYTER

Table 1: Tool geometry and cutting parameters.
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Table 2: Material properties [5, 9].

Parameters Value Mechanical properties Value
Rake angle (deg) 10°  Longitudinal modulus, E, (GPa) 48
Relief angle (deg) 6° Transverse modulus, E, (GPa) 12
Tool nose radius (mm) 0.05 In-plane shear modulus, G,, (GPa) 6
Fiber orientation (deg) 0°,30°, 45°, 60°,90°  In-plane shear modulus, G, (GPa) 6
Cutting speed (m/min) 0.5 Transverse shear modulus, G,, (GPa) 5
Depth of cut (DOC) (mm) 0.1,0.2,0.3  Major Poisson’s ratio, v,, 0.19
Longitudinal tensile strength, X, (Mpa) 1200

Longitudinal compressive strength, X (Mpa) 800

L. . Transverse tensile strength, ¥, (Mpa) 59

The FRP material is modeled as equivalent homo- ;..o eorce compressive strength, X (Mpa) 128
geneous anisotropic and elastic-failure material. For 2D shear strength, S (Mpa) 25
cutting simulation, the workpiece is meshed with plane Density, p (kg/m?) 2500

stress, quadrilateral, linearly interpolated element with
reduced integration and hourglass control (CPS4R). The
thermal effect is neglected as the cutting is conducted at
a very low speed. For this study, the mesh size at the tool
tip is around 4 pm. There are, in total, 13,381 elements in
the mesh.

Interaction between the cutting tool and the work-
piece is modeled as surface-node surface contact availa-
ble in ABAQUS/Explicit. The contact is assumed to follow
Coulomb friction law. The friction is difficult to obtain
since the interaction between the tool flank and the work-
piece and that between the tool rake and chip is a complex
phenomenon. For simplicity, a constant friction coeffi-
cient of 0.5 is used during the cutting process.

2.2 Material constitutive law and properties

€, 1/E, -v,/E, 0O o,
e, |=|-v,/E 1/E, 0 |o, @)
Y 0 0 1/G12 %

A global macro-stiffness was used to replace indi-
vidual properties of fiber and matrix in FRP composites.
The material constitutive is shown in Eq. (1). These stress-
strain relations are associated with the principal direc-
tions (i.e., material coordinate direction in 1, 2, 3 axes). For
off-axes load, the stress and strain should be transformed
to the fiber direction with the transformation matrix. The
properties of the unidirectional FRP were adopted from [8]
and are listed in Table 2, which were also used in [17-19].
The experiment shows that strain rate has a strong effect
on strength of FRP [22]. The mechanical properties from
the standard test may not reflect exactly the material
behavior, since the cutting speed is higher than that used
in the tensile test [17]. However, the simulation result is
not much influenced as the cutting seed is considerably
low when compared to the impact test [22].

2.3 Failure criterion

In this work, four failure theories are studied, the damage
initiation criteria of which are listed in Table 3. Hashin and
Maximum stress criteria consider different failure modes
(such as fiber tension, fiber compression, matrix cracking
and matrix crushing) [23]. Note that the stress in the table
is also expressed in the material coordinate system.

2.4 Damage evolution and stiffness
degradation

The degradation of material stiffness initiates when the
failure criterion is met, i.e., the failure index in Table 3
exceeds 1.0. Two stiffness degradation strategies are
studied.

(1) Instantaneous damage: The material is assumed to
fail (or fail a failure mode) at the onset of damage initia-
tion. It is a common practice to degrade associated elastic
properties instantly to zero according to the failure mode.
Instantaneous damage is applied to each failure crite-
rion. In the following sections, the FEM models applying
instantaneous damage are referred to with corresponding
criterion name.

Table 4 shows the degradation rules with respect to
stiffness reduction for this damage strategy, where the
coefficient & was set as 0. The selective stiffness reduc-
tion scheme is applied to Maximum stress and Hashin
theories. It is implied that the matrix failure will induce
shear failure, while fiber failure will induce both matrix
and shear failures. Since Hoffman and Tsai-Hill theories
are unable to distinguish failure modes, a non-selective
stiffness reduction scheme is used.

In some literatures, the material properties were
degraded by setting a small coefficient value, like 0.05
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Table 3: Damage initiation for different failure criteria.
Fiber compression Matrix tensile Matrix compression Shear
Fiber tensile (5,,20) (0,,<0) (5,,20) (0,,<0) damage
o 2 2 2 2 2 2
. 1 011 022 012 022 012
fashin f [Xz) fe (X] fm[”r] [5] fm‘("] [5]
c c N/A

Maximum stress

022

2 022 2
fU f[]

Hoffman fZ(;-;JOH [; ;]on X1X ou+ﬁa22 %a;xx 0,0,
t 4 t
2 2 2
Tsai-Hill f=[axﬂj +[0Y22] +[Usﬂ] % if o, >0, X=X,, otherwise, X=X

ifo,,>0, Y=Y, otherwise, Y=Y,

Table 4: Material elastic properties degradation scheme for instantaneous damage.

Failure criteria Fiber tensile or compression failure

Matrix tensile or compression failure Interface shear failure

Hashin E,,->&E ;E ->8&E, ;v ->8&V ;G ,->&G,,
Maximum stress E >&E“, E22 >&E22, V,>& Vs Glz->&G
Hoffman E,,->&E ;
Tsai-Hill E, ->&E

11’

E22'>&E22; V12'>&V12; G1z'>&G12 V1z'>&vlz; Glz'>&G1z
E,->&E, ;v ,->8&v,,; G ->8&G,, v, >8&v, ;G ,->&G,,
E,->&E, ;v ,->&v,,; G, ->8&G,,
E,->8&E, ;v ,->8&v, ;G ->&G,,

[18]. However, the existence of residual stiffness will lead
to a continuously increasing stress calculation and thus a
continuously increasing cutting force (Figure 2), as violat-
ing experimental observation. So the coefficient of 0 was
used in this study.

For Maximum stress and Hashin criteria, the status
of material is evaluated based on the modes of failure the
material has reached. A material point will fail only when
fiber failure modes (either tensile or compression) take
place, i.e., fﬂ or j;c reaches 1.0.

A 16 : : : :

(2) Progressive degradation: Progressive degradation
is applied to Hashin and Maximum stress criteria. The
stiffness is degraded gradually rather than instantly to
zero. A damage variable is defined for each failure mode
to indicate the damage accumulation and evolution [24].
Damage variables for fiber tension/compression, matrix
tension/compression and shear failure modes are denoted
by d / o d /d _andd, respectively.

The constitutive law of damaged material is expressed
in the stress-displacement relation shown in Figure 3 for
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Figure 2: Cutting and thrust forces for instantaneous failure with 1% residual stiffness (&=0.01, fiber orientation 45°).
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Figure 3: Damage evolution for progressive failure.

each failure mode. The positive slope corresponds to
linear elastic response prior to damage initiation, and the
negative slope post-damage behavior. After damage initia-
tion, the damage variable is calculated by Eq. (2) based on
equivalent displacement ¢, , where 62q is the equivalent
displacement at which the initiation criterion was met
and 6£ . is the equivalent displacement at which the mate-
rial is completely damaged.
PEACED

0,00 -02) 2
The values 6£q for various modes depend on the respec-
tive energy dissipation G¢ value, which corresponds to the
area of the triangle OAC in Figure 3. By default, the mate-
rial will reach complete damage for a failure mode when
the corresponding damage variable reaches 1.0.

The equivalent stress and displacement for the
Hashin criterion is calculated using the method pre-
sented in [24]. It is further adapted and extended in this
paper for Maximum stress criterion, as shown in Table 5.

Table 5: Computing equivalent displacement and stress.
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L¢ represents characteristic length and operator < > is
Macauley bracket defined as <a>=(a+|a|)/2.

The energy dissipation for fiber tension, fiber com-
pression, matrix tension and matrix compression modes
are specified in Table 6 according to literatures [21, 24].
In addition, the energy for interface shear failure mode
must be specified for Maximum stress criterion. A value
of 0.05 N/mm is used. It is noted that both criteria use the
same energy value while their equivalent stress/displace-
ment are calculated using different expressions. This may
also be one of the sources leading to their different simu-
lation results.

The response of the damaged material is governed by
Egs. (3) to (6). Unlike the Maximum stress criterion where
its d_evolves independently by Eq. (2), the Hashin crite-
rion does not include shear failure mode. That explains
why the damage variable d_ for the Hashin criterion is
calculated based on damage variables of fiber failure and
matrix failure as in Eq. (7).

o, (l-df)E1 (l-df)(l-dm)vnE1 0 €,
o, :% (1-d)(1-d,)v,E,  (1d,)E, o e,
T, 0 0 (1-d)GD | vy,
(3)
D= 1-(1-df )(-d Jv,v, (4)
d,., ifo >0
d=,7" " ©)
s {dfc, if 0, <0
d , ifo_=0
d — mt® 22
m {dmc, if 0,,<0 ()
d=1-(1-d,)(-d,)(1-d,)(1d, ) )

Failure Computation  Fiber tensile Fiber compression  Matrix tensile (0,,20)  Matrix compression Interface shear
criteria (0,,20) (0,,<0) (0,,<0) failure
Hashin Equivalent 6fq=L‘1/(sn>2 6£‘qu‘(-su) o =L\Ke, Y+, O =L\ (e, 473,
displacement N/A
Equivalent ft =<011 ><£11> o =<'U11 ><'811> mt=<022 ><£22 >+T127/12 mc=<-022 ><'822 >+Tuy1z
eq 6£t /Lc eq 62‘ /Lc eq 6:” /Lc eq arenc /Lc
stress q q q 9 N/A
. . c c mi c m c h
Maximum  Equivalent O =L°\[(e,)* of =L(-e,,) o =L \[(e,, ) o=l (-¢,,) (3; =L{ly,D
stress displacement
Equivalent o 0y Xey) o’ _boaey) m {02 X8) me (030 60) gSh:M
2 ft 1yc [ fc 1yc e mt [ e mc [jc e sh jjc
stress oL “ oLl ¢t i o /L “ ol
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Table 6: Fracture energies for fiber-reinforced polymer composites
(FRP) in simulation.

G;(N/mm) G;(N/mm) G,,(N/mm) G: (N/mm) G: (N/mm)

100 100 1 1 0.05

To keep consistency with instantaneous damage
models, an additional control logic is also applied in
the VUMAT implementation, so that matrix failure will
induce shear failure, and fiber failure will induce both
matrix and shear failures. A material point will fail only
when reaching either fiber tensile or fiber compres-
sion failure modes. To avoid numerical difficulties, all
damage variables were limited to an upper limit of 0.99,
indicating the material point will fail when either dﬂ or
dfc reaches 0.99.

In progressive damage models, the stress for damage
initiation in Table 3 should be replaced by effective stress
tensor ¢ to reflect the influence of damage on the initia-
tion criterion. The relation between ¢ and the nominal
stress in expressed in Eq. (8):

« 1-d ;
011 011
A 1
o, O _l-d 0 |o, (8)
le " TIZ
1-d,

2.5 Material separation for chip formation

With the advance of cutting tools, the unwanted material
is separated and a new workpiece surface formed. Chip
is usually simulated as crack initiation and propagation
in the Lagrangian formulation. The material separation
technology could be geometrical or physical [25, 26]. In
this study, material failure criterion along with element
deletion approach [26, 27] was used. When all material
points in an element failed, the element was deleted and
removed from the mesh. No separation line along the tool
tip path is predefined as required in node debond/split-
ting technology [25, 26].

However, the element deletion will induce loss of
volume which violates the law of continuity, so the mesh
is designed to be very fine to minimize this volume loss.
The arbitrary Lagrangian- Euleiran [27] model is avoided
because the state variable has to be interpolated from
old mesh to the new mesh frequently. Errors will occur
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and accumulate during remeshing and the result will be
deteriorated.

The material damage models are coded in ABAQUS
user material subroutine (VUMAT). Convergence is an
important issue for quastistatic cutting simulation. Energy
balance is checked for each simulation run to ensure that
the ratio of kinetic energy to internal energy meets the
requirement.

3 Results and discussion

3.1 Chip shape

Figure 4 demonstrates the influence of damage model on
the simulated chip shapes. Hoffman and Tsai-Hill criteria
predict powdered chips, because elements at the tool chip
contact are deleted throughout the cutting process after
internal material points failed. Continuous chips were
obtained for Maximum stress and Hashin criteria models
since few elements were deleted. The introduction of pro-
gressive damage will change the chips slightly, but still
continuous chips were obtained.

A close look shows that the chip predicted by the
Maximum stress criterion is thicker than that by the
Hashin criterion, either in instantaneous damage or pro-
gressive damage models. This is attributed to their dif-
ferent shear damage mechanisms. At the early cutting
process when fiber failure does not yet happen, the shear
damage for the Hashin criterion is dependent on matrix
cracking or crushing damages. The material point will fail
shear failure mode when reaching either matrix failure
mode. However, for the Maximum stress criterion, the
shear damage is evaluated more specifically on the ratio of
shear stress against shear strength (in the case of instan-
taneous damage) or on shear equivalent displacement (in
the case of progressive damage). A larger zone of material
was affected and finally turned into chips. This can be
observed through the damage evolution in chip formation
process shown in Figures 5 and 6.

In the case of progressive damage models in Figures 5
and 6, the shear damage is always the first type of damage
developed and has the largest area among all failure
modes. It initiated and progressed parallel to the fiber
until complete debonding was achieved. More material
is involved in shear damage for the Maximum stress cri-
terion than for the Hashin criterion. However, the matrix
damage is limited to the small zone close to the tool tip in
the former, while extended to a larger area along the fiber
orientation in the latter.
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Figure 4: Simulated chips (t=5 ms).
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The chip mechanisms are also illustrated in Figure
4. It is observed that the continuous chips in both pro-
gressive damage models bear similarities to the chip
formation mechanism. However, according to cutting
experiments [4, 5], chips produced for 0° fiber orien-
tation are crushed beams ruptured perpendicular to
fibers. For 45° and 90° orientation, the chips are friable
ribbon and fine particles, respectively. Neither model
can predict, for all fiber orientations, exact chip shapes
obtained in experiment, since macro-mechanical FEM
models could not simulate the behavior of individual
phases of fiber, matrix, interface, as well as the inter-
actions between phases, such as chip slipping along a
shear plane [2-5].
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Figure 5: Damages during chip formation for Hashin-progressive
damage (fiber orientation 45°).

3.2 Cutting and thrust forces

The cutting forces predicted by different damage models
are significantly different. A typical variation of a cutting
force with time is shown in Figure 7.

In Figure 7, the Maximum stress criterion with progres-
sive damage model predicted the largest cutting force mag-
nitude, followed by the Hashin criterion with progressive
damage model, then the Maximum stress model, then the
Hashin model. Cutting forces in progressive damage models
are higher than instantaneous damage model for the same
criterion. This is because the material shows a higher average
stiffness as the engineering modulus is reduced gradually to
zero in the former, a larger reaction force thus being obtained.
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Complete Complete chip
Initial state debonding formation
(t=0.2 ms) (t=1.4 ms) (t=3 ms)

Matrix crushing Matrix cracking Fiber compress Fiber breakage

Shear damage

Figure 6: Damages during chip formation for Maximum stress-
progressive damage (fiber orientation 45°).

The Maximum stress model always predicts a higher
force than the Hashin model. This is explained by the dif-
ference in damage initiation expressions in Table 3. It is
possible that material will remain undamaged and con-
tinue elastic deformation when evaluated by the Maximum
stress criterion, but become damaged and degraded when
evaluated by the Hashin criterion. The difference in equiv-
alent displacement expression also contributes in the
case of the progressive degradation model. With identical
energy values used for both criteria, the equivalent dis-
placement calculated for Maximum stress is also smaller,
meaning that it will take more deformation for material to
be completely damaged. A higher simulated cutting force
value is thus generated.

DE GRUYTER

Cutting forces predicted by Hoffman and Tsai-Hill
criteria have the smallest values. This is because their
damage initiation criteria are the easiest to meet. Also,
according to the stiffness degradation rule, all the engi-
neering constants are degraded to zero simultaneously,
unlike in the case of Maximum stress and Hashin criteria
where only the engineering modulus specific to a failure
mode is reduced.

Oscillation in the value of cutting forces occurs in
each model due to stiffness reduction upon failure. For
Hoffman and Tsai-Hill criteria, the cutting forces repeat
the pattern of reaching a peak value and then dropping
to zero. This is because when elements are deleted, a gap
is generated between the tool rake and the workpiece,
therefore, no cutting force is recorded before the contact
between them is reestablished.

For the cutting conditions in Figure 7, the experimen-
tal cutting force and thrust force are about 30 N/unit width
[5]. All force predictions are less than experiment values.
This is because factors such as tool wear and materials
bouncing under tool relief are ignored in FEM. For differ-
ent fiber orientations, the force predicted by Maximum
stress with progressive damage model is always close to
experiments.

The cutting force with respect to different fiber orien-
tations is shown in Figure 8. When the trends with differ-
ent fiber orientations are considered, the force predicted
by progressive damage is relatively consistent with experi-
mental observations, for either cutting or thrust force.
This result is better than the macro-mechanical models in
literature [8, 18] in which the trends of thrust force are far
from the experiment.

3.3 Sub-surface damage

The sub-surface damage for the first complete chip
is shown in Figure 9. In instantaneous degradation
models, damage for a failure mode occurs where ini-
tiation index is >1.0, however, in progressive damage
models, damage occurs where the corresponding
damage variable is >0.

All damage initiation indexes and damage vari-
ables are stored as solution dependent state variables in
VUMAT. It is noted that according to the degradation rules
for Hashin and Maximum stress criteria, the sub-surface
damage for one failure mode could be caused by other
modes. For example, in instantaneous damage model, if
the matrix crushing initiation index for a material point
reaches 1.0, the material will also get damaged in shear
failure mode automatically.



DE GRUYTER Y. He et al
A 25 T T B
i i
1 1
i i
20— T3 ity
1 1
— ! Xy
E v, z
Z 151-f--t-mm T -4 £
) —— Hashin Z
5 —¢— Hashin-progressive damage 3
) —=— Hoffman 8
£ 1077 %- Maximum stress =
g —¢— Maximum stress-progressive damage 2
) Tsai-Hill =
10 1 |_ 1 . |_ . . Né’*
ST DI
i i | \
If‘ : 1
0
0  0.002 0.004 0.006 0.008 0.010 0.012 0.014

Cutting time (s)

Figure 7: Cutting force and thrust force (fiber orientation 30°).

The sub-surface damage is measured as the damaged
area extended below the plane of the machined surface.
For the fiber orientation in Figure 9, Hoffman and Tsai-Hill
criteria show similar sub-surface damage, which corre-
sponds to a few layers of elements removed from the mesh.
In other damage models, fiber damage is rarely observed,
while matrix cracking, matrix crushing and shear damage
is obvious. Since both fiber and matrix failure will induce
shear failure, sub-surface shear damage prediction is
always the deepest. So, in this study, the simulated sub-sur-
face damage is determined based on the maximum shear
damage at material points throughout the cutting process.

It is interesting to note that sub-surface matrix
crushing/cracking or shear damage contours in progres-
sive degradation models extends to a larger area than
in corresponding instantaneous damage models. This
is because in the former, damage tends to progress with
material deformation until specified fracture energies are
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dissipated, while in the latter, material is assumed to fail a
mode at damage initiation so the damage tends to be more
localized.

When a progressive damage model is used, the sub-
surface matrix cracking and crushing extend down-left
to workpiece for Hashin criterion, but are constrained
to the bottom of tool flank and front of tool rake for the
Maximum stress criterion. However, the sub-surface shear
damage in the former model is limited to a smaller area
than in the latter, due to a different shear damage mecha-
nism. A similar phenomenon is observed for other fiber
orientations, e.g., 45° orientation, when we compare
Figures 5 and 6.

In the experiment, the sub-surface damage [5] is
measured by the extent of spread of fluorescent dye along
the vertical axis from the trimmed edge, and damage value
increases with fiber orientation. The sub-surface damage
simulations are compared with experiments in Figure 10.

A 70 ‘ . B 40 ; ' ;
—— Hashin ! I 1
—— Hashin-progressive damage i 35 boo s R S [
60 |- —®— Hoffman e ! ! !
Maximum stress ! 1 I
. —o— Maximum stress-progressive damage 1 30k=—"—--- L O S .
s 50+ Tsai-Hill R ’é ! !
g —%— Experiment g 25
Z 40 | | Z | —e—Hashin-progressive damage ~ ~ \_
P R > T > —=#— Hoffman
g ! S 20 Maximum stress ~ --------
= 30 L s —&— Maximum stress-progressive damage
20 i 2 151 ———Tsai-Hinn ]
= H E —¥— Experiment
3 20 = ) ) :
[ —
L
1 1
%
4 1
0 A i e 4
Experiment 30 32 38 30

Fiber orientation (°)

Figure 8: Influence of damage models on average cutting force.
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Figure 9: Sub-surface damage simulation (fiber orientation 90°, t=5 ms).

The predicted sub-surface damages in all FEM models are
less than experimental observations, just like the case of
cutting forces. Maximum stress with progressive damage
model predicts the largest sub-surface damage for all fiber
orientations, while Hoffman and Tsai-Hill criteria always
predict the least. Smaller forces might imply smaller
damages, but the simulated sub-surface damage does not
strictly follow the order of simulated cutting force magni-
tude. For example, the Hashin criterion with progressive
damage model predicts a larger force than the Maximum
stress model, but the sub-surface damage by the former

is always less than that by the latter except at 45° fiber
orientation.

In Figure 10, the simulated sub-surface damages in
instantaneous damage models do not change apparently
with fiber orientations, while they vary with fiber orienta-
tions in progressive damage models. The damage values
and the trends with respect to fiber orientation agree well
with experiments as long as the fiber orientation is <45°,
but agree poorly when fiber orientations gets larger. This
is because the sub-surface damage mechanism changes
with fiber orientations in orthogonal cutting. When the
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Figure 10: Sub-surface damage versus fiber orientation.

orientation angle is small, the sub-surface damage is more
related to fiber/matrix cracking or crushing. However,
for large fiber orientation angles, the fiber-matrix inter-
face debonding will extend severely below the machined
surface and become the dominant factor of sub-surface
damage [4, 5]. However, the phase of fiber-matrix interface
and its damage process can not be modeled and simulated
appropriately in macro-mechanical FEM models.

4 Conclusions

1. The material damage model has a strong influence on
the chip shape, cutting force and sub-surface dam-
age predictions in macro-mechanical FRP machining
simulation.

2. Tsai-Hill and Hoffman criteria with instantaneous
damage predict powdered chips, the lowest cutting
forces and the lowest sub-surface damages which
are far less than experimental data. Hashin and
Maximum stress criteria with instantaneous damage
predict continuous chips, higher cutting forces and
sub-surface damages. Higher cutting force and sub-
surface damages are obtained when the progressive
material degradation model is applied.

3. The chip shape and cutting force predicted by both
progressive damage models (especially used with the
Maximum stress criterion) are closer to the experi-
ment. The sub-surface damage also agrees with
experimental observation when fiber orientation is
small (<45°).

4. However, since the macro-mechanical FEM model
does not simulate individual and interactive behav-
ior of different phases in real machining, such as
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the fiber/matrix shearing and slipping, the interface
failure, etc., neither macro-mechanical FEM model
predicts exact final chips and sub-surface damages
for all tested fiber orientations. A multi-phase micro
mechanical model [7, 8] or mesoscale model [28] is
thus required.

Acknowledgments: This work is partially supported by
Chinese Foreign Talents Introduction and Academic
Exchange Program (Grant No. B13044).

References

[1] Findik F, Misirlioglu M, Soy U. Sci. Eng. Compos. Mater. 2002,
10, 287-296.

[2] Wang DH, Ramulu M, Arola D. Int. ). Machine Tools Manuf.

1995, 35, 1623-1638.

Wang XM, Zhang LC. Int. J. Machine Tools Manuf. 2003, 43,

1015-1022.

Zitoune R, Collombet F, Lachaud F,-Piquet R, Pasquet P. Com-

pos. Sci. Technol. 2005, 65, 455-466.

Nayak D, Bhatnagar N, Mahajan P. Machining Sci. Technol.

2005, 9, 481-501.

Dandekar CR, Shin YC. Int. J. Machine Tools Manuf. 2012, 57,

102-121.

Dandekar CR, Shin YC. Trans ASME J. Manuf. Sci. Eng. 2008,

130, 051016/1-12.

Nayak D, Bhatnagar N, Mahajan P. Machining Sci. Technol.

2005, 9,503-528.

[9] Rao GVG, Mahajan P, Bhatnagar N. Compos. Sci. Technol. 2007,

67, 579-593.

Mkaddem A, Demirci |, Mansori E. Compos. Sci. Technol. 2008,

68, 3123-3127.

[11] Arola D, Ramulu M. Int. J. Mech. Sci. 1997, 39, 597-613.

B

[4

[5

[6

[7

[8

[10]

[12] Arola D, Sultan MB, Ramulu M. Trans. ASME J. Manuf. Sci. Eng.
2002, 124, 32-41.

[13] Ramesh MV, Seetharamu KN, Ganesan N, Sivakumar MS. Int. J.
Machine Tools Manuf. 1998, 38, 1531-1549.

[14] Mahdi M, Zhang LC. J. Mater. Process. Technol. 2001, 113,
373-377.

[15] Mahdi M, Zhang LC. J. Mater. Process. Technol. 2001, 113,
368-372.

[16] Rao GV, Mahajana P, Bhatnagarb N. Mater. Sci. Eng. A 2008,
498,142-149.

[17]1 Mkaddem A, Mansori ME. Mater. Des. 2009, 30, 3295-3302.

[18] Lasri L, Nouari M, Mansori ME. Compos. Sci. Technol. 2009, 69,
684-692.

[19] Santiuste C, Soldani X, Miguélez MH. Compos. Struct. 2010,
92, 691-698.

[20] Santiuste C, Miguélez MH, Soldani X. Compos. Struct. 2011, 93,
2706-2713.

[21] Soldani X, Santiuste C, Mufioz-Sanchez A, Miguélez MH. Com-

pos. Part A 2011, 42,1205-1216.
[22] Yuan JM, Takeda N. Sci. Eng. Compos. Mater. 2000, 9, 1-108.
[23] Liu PF, Zheng JY. Mater. Des. 2010, 31, 3825-3834.
[24] Hurtado JA, Lapczyk |. Composites Part A 2007, 38, 2333-2341.



670 —— Y.He etal.: 2D macro-mechanical FE simulations for machining unidirectional FRP composite DE GRUYTER

[25] Baker M, Rosler J, Siemers C. Comput. Struct. 2002, 80, [27] Vaziri MR, Salimi M, Mashayekhi M. Simul. Model Pract. Th.
495-513. 2011, 19, 718-733.
[26] Saffar R, Razfar MR, Zarei O, Ghassemieh E. Simul. Model [28] Bordeu F, Boucard PA, Lubineau G. Sci. Eng. Compos. Mater.

Pract. Th. 2008, 16, 1677-1688. 2010, 17, 271-282.



