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ABSTRACT

Manufacturing processes of natural fiber reinforced polymer (NFRP) composites are becoming the interest of
industrials and scientists because these eco-friendly materials are emerging in automotive and aerospace in-
dustries. In this context, machining processes of NFRP composites present significant issues related to the
complex structure of natural fibers that need thorough tribological studies. This paper aims to explore the effect
of natural fiber orientation on the machinability of NFRP composites using Merchant model in order to separate
the shearing energy from the friction energy. Orthogonal cutting process is conducted on unidirectional flax
fibers reinforced polypropylene composites by changing the fiber orientation from 0° to 90° with respect to the
cutting direction. Iosipescu shear tests are also performed to determine the mechanical shear behavior in
function of the fiber orientation. Results show the applicability of Merchant model on the machining analysis of
NFRP composites by verifying the main model assumptions. The fiber orientation affects significantly the
shearing and the friction energies that control the cutting behavior and the chip formation of the NFRP com-

posite. The resulted machined surfaces are hence intimately related to the natural fiber orientation.

1. Introduction

The use of natural fibers, especially plant fibers, as reinforcement
for composite materials has become increasingly common in many in-
dustrial sectors as a substitute for synthetic glass fibers [1-5] in order to
reduce the environmental impacts and thus contribute to a circular
economy and sustainable development [6-8]. However, manufacturing
processes of these eco-friendly materials encounter technical and
technological barriers [9]. In particular, machining processes of natural
fiber composites need deep investigations to optimize the machinability
in terms of surface damages, surface topography, and tool wear
[10-12].

The orientation of fibers within the composites is revealed among
the most significant parameters that affect the machinability of syn-
thetic composites [13-18]. Indeed, the cutting forces are influenced by
the orientation of fibers regarding the cutting direction [13,16]. De-
pending on the fiber orientation, the chip is formed ahead of the cutting
tool edge by the shearing of the matrix along the fiber/matrix interface
[15]. The chip size decreases with an increase in the fiber orientation

up to 45° from the cutting direction, while discontinuous and powder-
like chips are produced after reaching 45° from the cutting direction
[17].

Machining of natural fiber reinforced polymer (NFRP) composites
has been investigated experimentally by testing the effect of process
parameters (cutting speed, feed, and tool geometry) on the machined
surface and the composite delamination using the conventional ma-
chining processes such as drilling and milling [19-24]. All these studies
show that the cutting behavior of natural fiber composites is different
from that of synthetic fiber composites, which is due to the complex
cellulosic structure of natural fibers [25]. This finding was confirmed by
the fundamental process of orthogonal cutting to show that the chip
formation of natural fiber composites differs from that of synthetic fiber
composites [26]. However, the effect of fiber orientation on the ma-
chinability of natural fiber composites has not yet been investigated in
depth although this parameter could have a noticeable impact on the
cutting behavior of natural fibers because of their high structural ani-
sotropy [25].

The machining model of Merchant was developed to investigate the
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cutting mechanisms of metallic materials in the configuration of or-
thogonal cutting [27]. Merchant model has been applied to orthogonal
cutting of PA66 polyamide (with and without glass fiber reinforcement)
and similar results were obtained when comparing Merchant model
outputs with experimental findings [28]. Merchant’s approach was also
applied to the cutting of carbon fiber reinforced epoxy composites by
assuming that the shear plane angle is identical to the fiber orientation
angle where failure occurs [15]. The shear angle (¢) was then sub-
stituted by the fiber orientation angle (6) in the Merchant model.

In this paper, the applicability of Merchant model is investigated on
the machining of natural fiber composites using unidirectional flax fiber
reinforced polypropylene (UDF/PP). After the validation of the main
model assumptions, the effect of fiber orientation on the machinability
of natural fiber composites is hence analyzed using the Merchant model
in order to study the shearing and the friction phenomena during the
orthogonal cutting process.

2. Experimental procedure
2.1. NFRP composites based on flax fibers and polypropylene matrix

NFRP samples are composed of unidirectional flax fibers reinforced
polypropylene (UDF/PP) composite. The UDF/PP workpieces shown in
Fig. 1(a) are manufactured and supplied by “Composites Evolution — UK”.
The fiber volume fraction is 40 % and their unidirectionality is main-
tained by polyester weft fiber with low volume fraction (less than 5%)
so they do not affect the present mechanical and machining investiga-
tions. Fig. 1(b) shows the random distribution of flax fibers inside the
composite in addition to a high variability of fibers shape and diameter.
Moreover, flax fibers are either separated into elementary fibers or
grouped into bundles called technical fiber as shown in Fig. 1(b).

2.2. Mechanical testing of UDF/PP composites

UDF/PP specimens have first been mechanically tested using
Iosipescu shear experiments [29,30] in order to investigate the effect of
flax fiber orientation on the shear behavior as shown in Fig. 2. Shear
strain is acquired with biaxial strain gages (Model CEA-06-125WT-350)
and using a displacement velocity of 2 mm/min. The shear motion is
ensured by embedding the sample on the left side and applying a
normal force on the right side as shown in Fig. 2(b). Three fiber or-
ientation (0 in Fig. 2(b)) are considered in this study (6 = 0°, 6 = 45°
and 6 = 90°). Each shear test is repeated three times to get repeatable
results.

2.3. Orthogonal cutting setup

The orthogonal cutting setup is composed of two linear actuators as

Flaxfibers direction

Worksurface

shown in Fig. 3. Their motion is maintained by high-torque smart
motors (L70, Moog Animatics, Milpitas, CA). The rotation is converted
to a linear motion through a ball screw. A polycrystalline diamond
(PCD) cutting insert (model Sandvik TCMW16T304FLP-CD10) is at-
tached to one linear actuator (M1) through a customized tool holder.
The NFRP workpiece is attached to the other linear actuator (M2)
through a mechanical clamping system. A Kistler dynamometer (model
9272) is mounted between the slider (S2) and the clamping system to
acquire the cutting forces. The linear actuator M1 provides the cutting
speed, while the linear actuator M2 controls the cutting depth. High-
speed camera (Phantom Miro Lab310, Vision Research Inc.,Wayne, NJ)
is used to capture the in-situ chip formation. The high-speed camera is
set with 640 x 480 resolution, 1000 fps, 1000 ps exposure time, and
appropriate lightening to capture the best view of the in-situ chip
morphology.

Table 1 summarizes the cutting conditions considered for this in-
vestigation. Each cutting configuration is tested three times to assure
the repeatability. Thus, the final outputs from the orthogonal cutting
experiments are presented as the mean value of these three repeated
tests. Measurement errors are considered as the average of the absolute
deviations of data repeatability tests from their mean. All the con-
sidered workpieces have the geometric dimensions of 20 X 15 X 4
mm.

The cutting edge radius (r,) of the PCD insert is measured with an
Atomic Force Microscope (AFM) instrument (model Dimension Edge™ -
Bruker) using Tapping mode in order to evaluate the tool sharpness.
Fig. 4 shows the surface topography measurements of the cutting edge
that allows the calculation of the cutting edge radius by extracting the
2D profile sections (Fig. 4(c)) at different locations from the 3D surface
topography of Fig. 4(b). The resulting cutting edge radius is founded to
ber, = 3.23* % um.

2.4. Surface finish characterization

Machined surfaces states are qualitatively analyzed by scanning
electron microscope SEM Zeiss EVO/MA10 at low vacuum mode (40 Pa
of chamber pressure). SEM images are taken at different locations on
the machined surfaces. Representative surfaces morphology as induced
by orthogonal cutting is presented in this paper. Removed chip profiles
are also investigated using another SEM device JSM -5510LV at low
vacuum mode (10 Pa of chamber pressure) in order to calculate the
removed chip thickness. Furthermore, the machined surfaces topo-
graphy is quantitatively evaluated by the optical interferometer Model
7ZYGO/14-21-75092 using a magnification of x 10. Topographic images
are taken in five different locations of each machined surface to de-
termine the arithmetical mean height of the surface Sa following the
ISO 25178 standard.
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Fig. 1. a) photograph of UDF/PP workpiece with 90° of fiber orientation. b) SEM image of the UDF/PP worksurface in the case of 90° of fiber orientation showing the

fibers cross-sections.
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Fig. 2. a) losipescu shearing device. b) Schematic illustration of the Iosipescu shearing specimen showing the sample dimensions and the loading conditions.
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Fig. 3. Schematic of the experimental setup for orthogonal cutting tests.

Table 1
Cutting conditions considered for orthogonal cutting tests.

Flax fiber orientation (8) Cutting speed V(m/min) Depth of cut a, (um)

2 100
4

0° 6

45° 8

90° 10
12

3. Results and discussion
3.1. Fiber orientation effect on the shear behavior of UDF/PP composites

Fig. 5 presents the mechanical behavior induced by Iosipescu shear
tests on UDF/PP composite at different fiber orientations. The three
considered fiber orientations generate an elasto-plastic behavior. Spe-
cimens with 8 = 90° show much higher strain than that of the other

fiber orientations. Moreover, specimens with 6 = 90° do not reach the
fracture at the maximum displacement available with the Iosipescu
testing system. Specimens with & = 45° generate the highest stiffness,
the lowest fracture strain and the lowest plastic zone.

This mechanical characterization proves that the fiber orientation
affects strongly the shear behavior of UDF/PP composites and should be
considered to investigate the cutting behavior because the mechanical
stress in machining (dynamic mode) is apparent to the mechanical
stress by an losipescu shear test (static mode) [15].

3.2. Chip morphology when cutting UDF/PP composites

Fig. 6 show the in-situ chip formation at different cutting condi-
tions. The cutting speed has not a significant effect on the chip for-
mation. The chip remains continuous at all the considered fiber or-
ientations. However, changing the fiber orientation affects the chip
curling. This cutting behavior regarding the fiber orientation is dif-
ferent from that of synthetic fiber composites as discussed in Section 1
where the fiber orientation in synthetic fiber composites controls the
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Fig. 4. a) PCD cutting insert. b) 3D surface topography of the cutting edge obtained by AFM. c¢) 2D profile sections of the cutting edge area taken at different
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Fig. 5. Shear behavior curves of UDF/PP specimens for the considered fiber
orientations.

interlaminar shearing and affects hence the formed chip (continuous,
discontinuous, powder). For UDF/PP composites, the shear tests of
Section 3.1 show an elasto-plastic behavior regardless of the fiber or-
ientation which avoids brittle interlaminar fractures during the chip
formation. At 6 = 90°, flax fibers are perpendicular to the chip length
direction and, therefore, the chip can deform and curl easily since there
is less flexural resistance from fibers toward the chip length direction.

To calculate the chip thickness in function of the process para-
meters, the removed chips are embedded in epoxy resin perpendicularly
to the width direction as shown in Fig. 7. The resulting worksurfaces are
next polished with a fine grit size and then analyzed with SEM micro-
scope. Fig. 7 shows SEM images of the removed chip sections. As for the
chip formation, the SEM investigation does not reveal a significant ef-
fect of cutting speed on the chip sections. Therefore, only SEM images

at the considered fiber orientation values are presented.

Since flax fibers are also oriented perpendicularly to the width di-
rection, these latters are detached from the worksurface due to the
polishing operation as shown in SEM images of Fig. 7. However, the
resulting SEM images are useful to measure the mean chip thickness for
each fiber orientation. The chip thickness is measured at ten locations
on the chip section all over each SEM image in order to find a mean chip
thickness for each configuration with a standard deviation. Therefore,
the mean chip thickness is founded equal to 105 > um for 6 = 90°,
120 =7 um for 6 = 45° and 142 * ' ym for 6 = 0°.

3.3. Machined surface characteristics at the microscale

Fig. 8 shows the microscopic state of flax fibers inside the composite
material for the three considered fiber orientations after the cutting
operations. The SEM images of Fig. 8 reveal the significant impact of
fiber orientation on the cutting behavior of flax fibers. When flax fibers
are oriented perpendicular to the cutting direction (6 = 90°), the fibers
shearing is not efficient where uncut fibers extremities are observed on
the machined surfaces (Fig. 8(a and d)). The fiber orientation 6 = 45°
shows the best flax fibers shearing since the fibers cross-sections can be
observed in Fig. 8(b and e). On the other side, the cutting behavior of
flax fibers oriented parallel to the cutting direction (6 = 0°) is random
as it can be seen in Fig. 8(c and f). In this configuration, flax fibers are
either sheared, detached, or torn-off inducing some defect zones. In
general, and as for the chip study in Section 3.1, no significant cutting
speed effect is observed from the SEM images.
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Fig. 6. Fast-cam images showing the in-situ chip morphology for different cutting conditions.

3.4. Application of Merchant model to the analysis of NFRP cutting
behavior

3.4.1. Validity of Merchant model to NFRP machining

To apply Merchant model for synthetic fiber composites, the shear
angle (¢) was substituted by the fiber orientation angle (0) as explained
in Section 1. This hypothesis cannot be considered for the cutting of
NFRP composites because the removed chip remains continuous re-
gardless of the fiber orientation value as shown in Section 3.2. The
shear angle should be hence experimentally calculated using the chip
thickness ratio.

The main assumptions that must be assumed for applying the
Merchant model to NFRP cutting are as follows:

o The chip must remain continuous at all the cutting length (validated
in Section 3.2);

e The chip does not flow to side and there is no side spread (validated
in Section 3.2);

e The tool edge is sharp regarding the cutting depth (validated in
Section 2.3);

o The chip width remains constant so the chip thickness ratio is equal
to the chip length ratio.

The last assumption is validated in Table 2 by comparing the chip
thickness ratio and the chip length ratio. The chip thickness ratio is
calculated from the measurement of Section 3.2 as the ratio between
the chip thickness and the cutting depth. The chip length ratio is

Fig. 7. SEM images of removed chip profile sections for the different fiber orientations: a) 90°, b) 45° and c) 0°.



F. Chegdani, et al.

100 pm : 100 pm

100 pm '

100 pm =

Fig. 8. SEM images showing the machined surfaces states of UDF/PP composites at different cutting conditions. “UFE”: Uncut Fiber Extremities; “SF”: Sheared Fibers;
“TF”: Torn-off Fibers; “TFZ”: Torn-off Fibers Zone; “DFZ”: Detached Fibers Zone.

Table 2
Comparison between chip thickness ratio and chip length ratio for the considered fiber orientations.
Fiber orientation Chip length (um) Chip thickness (um) Chip thickness ratio Chip length ratio
Min Max Min Max Min Max Mean STD* Min Max Mean STD*
0° 13.5 14.5 132 152 0.76 0.66 0.71 0.05 0.68 0.73 0.70 0.03
45° 15.7 17.7 113 127 0.88 0.79 0.84 0.05 0.79 0.89 0.84 0.05
90° 17 19 100 110 1.00 0.91 0.95 0.05 0.85 0.95 0.90 0.05

* STD (standard deviation): the average of the absolute deviations of data values from their mean.
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Fig. 9. Specific energies calculated using Merchant model during the cutting of UDF/PP composites for different fiber orientations. a) Specific shearing energy, and b)

Specific friction energy.

calculated as the ratio between the removed chip length and the initial
chip length. As for the chip thickness, cutting speed does not affect the
removed chip length. However, reducing the fiber orientation from 90°
to 0° reduces the removed chip length. The initial chip length before
removal is equal to the sample length (20 mm) as mentioned in Section
2.3.

3.4.2. Fiber orientation effect on the tribological cutting mechanisms

Fig. 9 shows the evolution of both shearing and friction energies
obtained by Merchant model [27]. Generally, cutting conditions with 6
= 90° induce the highest energies while those with 6 = 0° show the
lowest energies. The cutting speed effect is insignificant except for the
shearing energy with 6 = 90° where increasing the cutting speed in-
creases the shearing energy. It can also be noticed that the energy
differences between 6 = 45° and 6 = 0° are slow comparing to the
significant difference from the energies of cutting with 8 = 90°, espe-
cially for the shearing energy (Fig. 9(a)).

The shearing energy behavior of Fig. 9(a) is compatible with the
mechanical shear behavior of Fig. 5. Indeed, when flax fibers are or-
iented perpendicularly to the shear direction which is also the cutting
direction (6 = 90°), UDF/PP samples are subjected to high strains due
to the high transverse deformation of flax fibers. This makes the fiber
shearing difficult and, then, increases considerably the shearing energy
during the cutting operation. The shear strain of 6 = 0° and 6 = 45° is
largely lower than that of & = 90° as shown in Fig. 5 which can explain
the significant difference in shearing energy between 6 = 90° and the
two other fiber orientations.
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For more understanding of the cutting energies behavior, Fig. 10
illustrates the cutting contact between natural fibers and the cutting
tool at the different considered fiber orientation. As explained in Sec-
tion 1, natural fibers are themselves a composites material of cellulose
microfibrils along with the fiber axis and natural amorphous polymers.
Cellulose microfibrils have the major contribution to the fibers stiffness
and, then, the fibers stiffness direction is also along with the fiber axis
[25]. Therefore, the fiber orientation, which means the cellulose mi-
crofibrils orientation regarding the cutting direction, could have a sig-
nificant impact on the cutting stiffness and, thus, the fibers cutting
contact stiffness could be affected. When natural fibers are oriented
with 8 = 90°, cellulose microfibrils orientation is highly different from
that of the shear force direction as illustrated in Fig. 10(b). Therefore,
each elementary fiber will be transversely deformed until the cellulose
microfibrils reach the shear force direction to get enough cutting con-
tact stiffness. However, when natural fibers are oriented with 6 = 45°,
cellulose microfibrils orientation is in the shear force direction zone
(Fig. 10(a)). The cutting contact stiffness in this case is then efficient for
shearing fibers during cutting operation. Consequently, there is no
significant fibers deformation before cutting.

On the other side, when natural fibers are oriented with 6 = 0°, the
fibers cutting behavior is random and depends on the cutting contact
location (where the cutting edge radius is engaged at the beginning of
the cutting contact) as previously demonstrated in [19] and shown in
Fig. 11. Therefore, depending on the contact location and the high
transverse elasticity of natural flax fibers, natural fibers are either
sheared or plastically deformed from the cellulosic structure

Cellulose
microfibrils

\

10 - 20 pm

Elementary
flax fiber

Fig. 10. Schematic illustration of the microscopic contact between the cutting tool edge and the flax fiber. a) at 6 = 45° and b) at 6 = 90°.
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Fig. 11. Schematic illustration of the microscopic contact location between the cutting tool edge and the flax fiber when the fibers are oriented parallel to the cutting

direction.

(Fig. 11(a)), torn-off by compressing the fiber (Fig. 11(b)), or detached
by transverse flexion (Fig. 11(c)).

The friction energy is also related to the cutting behavior of flax
fibers during the machining operation. Indeed, in the case of 6 = 90°,
flax fibers are not efficiently sheared and incur a transverse deforma-
tion following the kinematics of the cutting tool. Therefore, in this
cutting condition, there is an additional sliding contact component
between flax fibers and the cutting tool edge before the fibers shearing
which increases the energy dissipated by friction for 6 = 90° as shown
in Fig. 9(b). In contrast, when NFRP composite is machined with 6 =
45°, the fibers shearing is more efficient which reduces the additional
sliding contact component and then decreases the friction energy. For 6
= 0°, the matrix is most concerned by the shearing mechanism during
cutting. Thus, the additional sliding component between flax fibers and
the cutting tool edge can be assumed negligible in this case which
makes the friction energy the lowest for 6 = 0°.

3.5. Fiber orientation effect on machined surface roughness

The machinability analysis of NFRP composites requires the selec-
tion of the relevant scale that can discriminate the effect of material/
process parameters on the machined surface topography [31]. This
pertinent scale corresponds to the size of the natural fibrous structure
inside the composites. For the considered UDF/PP composites, the fi-
brous structure is composed of flax fiber yarns that have cross-section
diameters between 0.8 mm and 1 mm. The topographic resolution
analysis in this study has been adapted to be in this scales range. Fig. 12

presents typical 3D topographic images of the machined surfaces ob-
tained with an optical resolution of 840 x 840 pum. The optical inter-
ferometer can detect the cutting behavior of flax fibers at all the con-
sidered fiber orientations where the uncut fiber extremities, the sheared
fibers, the torn-off fibers, and the detached fibers are captured.

To quantify these topographic measurements, Fig. 13 shows the
arithmetic surface roughness evolution for the different cutting con-
figurations. The fiber orientation is the most significant parameter that
affects the surface roughness. As for the SEM observation of Fig. 8 and
the energetic results of Fig. 9, the effect of the cutting speed is not
significant comparing to the effect of the fiber orientation. Cutting with
6 = 45° induces the lowest roughness while the orientation of 0° shows
the highest roughness. Moreover, cutting the UDF/PP workpieces with
6 = 0° induces high measurement deviations due the random cutting
behavior shown in Fig. 8. Indeed, when flax fibers are not well sheared,
both the uncut fiber extremities and the defect zones on the machined
surface leads to an increase of the topographic irregularities which in-
creases the surface roughness.

4. Conclusions

The present work aims to investigate the applicability of Merchant
model to analyze the effect of fiber orientation on the machinability of
NFRP composites with unidirectional flax fibers and polypropylene

matrix (UDF/PP). The following conclusions can be drawn:

o Josipescu shear tests show the significant effect of fiber orientation
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Fig. 12. Typical topographic images of UDF/PP machined surfaces at V. = 8 m/min for different fiber orientations. a) 8 = 90°, b) 8 = 45° and c¢) 6 = 0°. “UFE™:
Uncut Fiber Extremities; “SF”: Sheared Fibers; “TF”: Torn-off Fibers; “TFZ”: Torn-off Fibers Zone; “DFZ”: Detached Fibers Zone.
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