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ABSTRACT

Flax fibers have been identified by several redeasc as a potential substitute for glass fiberedmposite
materials, considering their high intrinsic modulusd strength, their biodegradability, their lowigte and low
cost. However, due to the nonhomogeneous naturatofal fibers, defects such as edge delaminatighhégh
surface roughness (Ra) appear when milling comgmsitade with these fibers. Their machining thusesamts a
significant challenge. The main objective of thiady is to characterize the machinability of uréditional flax
fiber-reinforced epoxy resin (UDF/Epoxy). The setambjective is to identify the optimum cutting citimhs
within the limits of the experimental work (cuttingpeed, feed rate, fiber orientation and cuttingl to
characteristics), using surface roughness andnguftirce as quality criteria. Dry up-milling expments were
conducted with a full Split-Split-Plot Block desigmd the aforementioned inputs. Two different tdbigo-flute
uncoated carbide end mill and a two-flute polyaifste Diamond (PCD) end mill) were used. This gtgtdowed
that fiber orientation, cutting speed, feed ratel antting tool geometry significantly influence hosurface
roughness and cutting forces. Depending on theorssp studied, every factor reacts differently. Anegal
optimization of the up-milling process was propos@étie best parameters found were a low feed rafi2%0
mm/rev), a high cutting speed (600 m/min) and a R&Dwith a zero-helix angle.

1 INTRODUCTION

The lightness and highly interesting mechanicalpprttes of unidirectional natural fiber compositemd
particularly, bast fiber-reinforced polymers sushtlaose using flax fibers, are increasingly atingcthe interest of
the aeronautic, automobile, construction, naval rildvay industries [1, 2]. Unlike synthetic fibersatural fibers
are abundant and renewable. Furthermore, theiragidn is non-energy-consuming, which makes them
inexpensive [3]. Additionally, Natural fiber-reimfed plastics (NFRP) are partly biodegradable, nesefriendly
than synthetic fibers, and recyclable. They ardi@darly, interesting considering their inherentechanical
properties, which are comparable to those of diié&s-reinforced polymers (GFRP); that is espegidlie case
with their intrinsic modulus and strength (ratiotbé modulus or strength over fiber density) [4, Bjey are also
likely to be less abrasive in manufacturing proesssising cutting tools, making them undoubtedly enor
economical; this assumption though, is yet to befiomed. Indeed, the anisotropic nature and the-non
homogeneous internal structure of NFRPs complitegeinderstanding of cutting mechanisms [6].



Long (continuous) fiber-reinforced composite conmgruis can be produced using a liquid composite mgldi
(LCM) process, such as resin transfer molding (RTtd)increase component quality and fiber conteit educe
raw material loss. The molded components are addain a quasi-finished near net shape, but finghihigh
accuracy using machining operations, particularlifiy and trimming, is required to reach a cuftiadge finish
qguality and the dimensional specifications. Newelghs, these operations introduce machining defath as
delamination, failure of the matrix, micro crackiagd a poor surface roughness of the machined coenps

The machining of NFRPs differs significantly frolmat of metals. Although trimming methods generalbgd for
metal are adapted to composites, determining optintéing conditions requires a deeper investigatifctually,
the optimal cutting parameters and the predictienlets for machining quality criteria are valid oty the same
material. They are also limited to the same expamintonditions used for a same preparation mettatheo
composite [7]. These limitations are due to the-reproducibility of the sample properties. Previousrks
dedicated to the machining of NFRPs focused onlyidenmtifying factors influencing the quality andeth
productivity of the drilling operation especially.

Several research works have investigated the gufitirces and the quality of the machined surfaesslting from
the trimming of natural fiber/epoxy laminates. Badtual. [8] compared the machinability of threedirctional
laminates made of natural fibers and one made adsgfibers, namely, jute/polyester (JFRP), hempésbdér
(HFRP), banana/polyester (BFRP) and glass/poly¢&eRP), with all the laminates having the samerfimlume
fraction of 52%. The authors concluded that thardmation factor (Fd) and the arithmetic roughn@ss) of the
machined part increase with the feed rate and dserevhen the cutting speed increases. These tvwimgcut
parameters are most influential on Fd and Ra. Ambagl materials, the HFRP produced a smaller EdRmas
compared to the NFRPs and the GFRP. That sugdedtfNFRPs can potentially replace GFRPs for apjicsa
requiring a good surface finish.

Chegdani et al. [7] investigated the effect of fedent coated tools on the surface finish when whilling a
unidirectional flax fiber-reinforced polypropylem®mposite (UDF/PP). The authors paid special atterib the
tool wear and the fiber cutting parameters. Theychaled that up-milling provides the best surfatedrity and
surface roughness [2, 7]. The optimum cutting ciioriwas obtained with the tool having the smaltegting edge
radius used with a high feed rate. Teti [9] highted that the cutting parameters most influentrathee finishing
quality of the milling process are primarily theeéerate and the cutting depth, and secondly, théenguspeed. A
combination of low depth of cut, low to medium featk and high cutting speed optimizes the suiifategrity and
the surface roughness for the up-milling of fibeinforced polymers (FRPs). The feed force and tivéase
roughness increase with the feed rate and depthtpivhile they decrease when increasing the quipeed [7].

Recently, Delahaigue et al [2] carried out a stadythe dry up-milling of a unidirectional flax/epoxomposite
using two cutting tools. The authors investigatesl influence of cutting speed, feed rate, tool getoynand fiber
orientation on surface integrity, surface roughnasd cutting forces. The good machinability of fepoxy

composites was confirmed. However, a poor surfacghness was generated. According to the orientatfo
fibers and the tool type, different trends for theface roughness parameter were observed. In, ghertest
responses were observed with a medium feed radeharcutting efforts were correlated with the featg. Further,
the worst case in terms of machining response Wwasreed on laminate plies oriented at -45°, whike ltest result
was obtained with 0° plies.

Different statistical approaches have been invatgidjto optimize the cutting parameters, but naseifivestigated
the robustness of prediction models developed cusied on reducing errors in models in order to anree the
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non-homogeneity of the responses studied. Therefaoelels developed in the literature are not gdizetde [7].
To validate this review, this paper aims to idgntihe optimum cutting conditions within the limitsf our
experimental work (cutting speed, feed rate, fibeentation and cutting tool characteristics) usegface
roughness and cutting force as quality criteriay Dp-milling experiments were conducted with a faplit-Split
Plot Block design and the aforementioned inputs.

2 METHODOLOGY AND DESIGN OF EXPERIMENT (DOE)

2.1 Material preparation

Six laminated composites plates (including onepf@liminary tests and one for the validation of thedels) were
investigated. The laminates were fabricated thrahghvacuum assisted resin transfer molding (VARTi}hod.
They were made using epoxy resin Marine 820, dalivéy Adtech Company, and having a density of /68T,
once premixed to Marine 824 hardener at a rati©@8%% by weight. The test laminate consisted of akstd 15
unidirectional long flax fiber plies (Flaxtape 266livered by LINEO, France) having a surface dgrsfitl94 g/
(measured experimentally by weighing known surfaifebe reinforcement), with a fiber density of 4 &/cni. 15
layers were required to reach a fiber volume faac(V;) of 41.1+ 0.589 % in a mold cavity thickness of 4.597
mm.

Figure 1 shows the three steps involved in the mgldf composite plates. The fabrication proceggrsewith the

preparation of a stack of unidirectional plies (F&y1.a). The injection process comes next (Figuseshows the
pressure pot aside the press inside which tharitddl is installed), and after the final cure, tloenposite plate is
obtained, as shown in Figure 1.c. The plies weteda@®304.8 mm x 330.2 mm sizes. They were thenddriean

oven at 80 °C for 8 hours to minimize the humidiiyel in the molded plate. The injection pressueas imitially set
to 30 psi, and was gradually increased during regection to allow a constant injection rate targuete the
impregnation. The resin cure was obtained in aphaten press, under a 20 ton closing pressure 4C8@or 3

hours. A [Qg] unidirectional flax-epoxy composite was then atd for the machining tests.

Figure 1. Plagues processing: a) plies stackingd3TM setup c) Molded plaque

2.2 Experimental set-up and machining

2.2.1 Experiment factors and responses

Two cutting tools were selected for this study. il one was a two-flute polycrystalline Diamoaad mill (PCD)
with a zero-helix angle, as utilized in the Bérudiédy [10] (Figure 2.a). The second was selectesbdan
Chegdani’s study [7], and was a two-flute uncoatmdbide end mill with a smaller cutting edge thiae PCD tool.



It had a zero-helix angle and, from one flute te tlext, the cutting profiles of 70° were invertdtys enhancing

fiber shearing and reducing the risk of delamimaiibigure 2.b). The cutting tools specificatione gresented in
Table 1.

Cutting

Cultting '
profile [ [ir(_);l(l)eo
=70°
Figure 2. Cutting tools: a) tool#1 [10] and b) @l
Tool Diameter Flutes LOC Rake Relief Cutting edge Helix Coating
(mm) number (mm) (°) angle (°)  radius im) angle (°) Material
Tool #1 9.525 2 25.4 10 20 5 0 Diamond PCD
Tool #2 9.52¢ 2 25 4 0 Carbide 2807

Table 1. Specifications of cutting tools

This paper investigates the influence of the pataraghat were identified in the literature as ptagdly the most
significant for the dry up-milling process. Thesggmeters (named “design factors” below) are thd fate (f), the
cutting speed (Vc), the fiber orientatiof) (and the cutting tool geometry. Four fiber ori¢iotas, three cutting
speeds, six feed rates and 2 cutting tools werectsal (Table 2). Two tests were run to provide asuee of
process stability and inherent variability. Fordheests, the cutting speed and feed rate hadkatdsgly, a value of
400 m/min and 0.2375 mm/rev (which is the averagivben their low and high level) per fiber orieimatand

cutting tool. The design was replicated twice tmimize dispersion effects and measurement errors total of
304 machining combinations.

The levels of the design factors were selecteddbasethe conclusions of Delahaigue [2] and theltesf the

preliminary tests performed on plates with fiberemted at -45°. These tests showed that a highrgduces high
cutting forces while a low Vc leads to a high sogfaoughness. It was also found that high feed ralso caused
high cutting forces. Moreover, the technical da¢eshof tool#2 limits its operating range from 200mim to 500

m/min. Thus, based on previous works, the proposggonses of interest in the present study areuttieg forces

(i.e., the feed force (Ff), the normal force (Fnjldhe passive Z-component force (Fp)) and theasarfoughness
(i.e., the arithmetic mean roughness (Ra) andata height of roughness profile (Rt)). Table 2whdhe different

parameters evaluated with the different levels ictamed for the analysis.

1 2 3 4 5 6
Cutting tool Tool#1 Tool#2 - - - -
Plate configuration (°) 0 -45 - - - -
Cutting angle (°) 0 (along X-axis) 90 (along Y-axis) - - - -
Ve (m/min) 200 400 600 - - -
f (mm/rev, 0.025 0.05 01 02 0.3 0.45
Responses Ra Rt Ff Fn Fp

Table 2. Experiment factor levels and responses
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2.2.2 Milling and design of experiment

The milling operations were conducted using a tarde numerically controlled machining (CNC) centdtJRON
K2X10 (Figure 3). The plate was affixed to a thesés dynamometer table, type Kistler 9255, allowihe
measurement of the cutting force components irettineections, i.e., X, Y and Z.

Figure 3. Milling setup

The cutting was performed along two directions, elgnthe X-axis (0° cutting angle) and the Y-axi®@{@utting
angle). Two different fixations of the plate (hahiglate configuration” in Table 2 above) were usedtudy the
effect of fiber orientation (Figure 4). First, thiaques were perforated following the square pagéown in Figure
4, with the perforations used to hold the platéh® setup using screws to minimize the vibratideafon the
surface roughness [2, 7].

Figure 4. Plate configuration: a) 0° and b) -45°

The interaction between the plate configuration #rel cutting angle (plate configuration*cutting &)gis here
equivalent to the fiber orientatio)( When the plate configuration is 0°, the fibers ariented at 0° with regard to
the tool movement direction (Figure 5.a), while &ocutting angle of 90°, the fibers are oriente@Qit with regard
to the motion direction. Likewise, when the platefiguration is -45°, for a cutting angle of 0° itegard to the
movement direction (Figure 5.b), the fiber orieimatis -45°, while for a cutting angle of 90°, tfibers are
oriented at 45°.

| Cutting angle: 90° ‘ | Cutting angle: 907 ‘ Y
X
. .

| Plate configuration: 0” | | Plate configuration: -45° |

Figure 5. Fiber orientation with: a) 0° plate cgpifiiation and b) -45° plate configuration



To minimize the response variability and systenadliicreduce experimental errors, a Split-Split REdomized
complete block design (SSPRCPD) was identifiechasmost suitable for this study. For each plaque, autting
tool (tool#1 or tool#2) milled the first 38 combtians of 3 levels of Vc, 6 levels of feed and twdting angles,
randomly. Then the second tool milled the last 8&lginations. The cutting tool was regularly inspécti.e., after
each cutting of 4 coupons, to control its wear.edvrunaffected region of the cutting tool was chosier a cutting
length of 2.64 m (which corresponds to cutting 8R2pons). Consequently, the tool wear can be negleat this
study. Figure 6 shows an example of randomizatfdhefirst two cutting operations when cutting-45° (Figure
6.a) and at 0° (Figure 6.b).

Figure 6. First two cutting operations when cuttittiga) -45° plate configuration, and b) 0° plateftguration

2.3 Roughness measurement

The surface roughness was investigated using adyiuprofilometer surftest SJ-400. This equipmerggesses a

2 um radius diamond tip with a 90° angle. It was lidke a SURFPAK-SJ acquisition software application
enable data processing. An optical microscope, KeyeVHX-500FE helped to detect any deviation of the
profilometer trajectory and outliers caused byphesence of any residual chip at the machined si(féigure 7).

Figure 7. Roughness measurement setup

To proceed with the surface roughness measurenteatspupons were first cleaned with compressedait then
preliminary tests were carried out to identify thest profilometer cut-off. The specifications oé ttut-off, selected
according to 1ISO 4287-1997, are shown in Tablei& Fandom measurements were carried out for epahilled
coupon edge, for a total of 1440 measurements.

Ra measuremenpift)  Basic length (mmj)s Evaluation length (mm) L Sampling number N
2<Ra<10 2.5 12.5 19

Table 3. Specification of the profilometer cut-off
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3 EXPERIMENTAL RESULT

The flax/epoxy composite was easily machined artoob wear was observed during the machining opamati
Figure 8 shows the tool#1 and tool#2 at the sththe milling of the second plaque (Figure 8.a) afigr the
milling is completed (Figure 8.b) i.e., after atig length of 2.64 m. It is shown that no modifioa in cutting
edge occurs during the milling process. This comdithat flax/epoxy composites are not abrasive tlansiensure a
long tool life.

a

Figure 8. Cutting tools a) before and b) afterrttiing operation

The correlation between the responses obtained thermilling operation was firstly studied to redutie number
of the responses to analyze and to better understenrelationship between them. The analysis wasusing
MINITAB 17. It showed that the cutting forces i.€f, Fn and Fp, were correlated with Ra and Rt [@dh. This
conclusion agrees with Wang’s study [11]. This waplained in [7] by the fact that the cutting fascereate
vibrations which affect the cutting mechanism o fibers. In fact, the fiber bends instead of beingby shear,
thus affecting the surface roughness. The Rt paeExmes also correlated with Ra. Consequently, tmysurface
roughness Ra and the cutting forces are investigatthis paper.

Ra Rt Ff Fn
Rt 0.000
Ff  0.049 0.000 Cell content: l-value

Fn 0001 0.011 0.99%
Fp 0001 0.002 0.134 0.92%

Table 4. Correlation matrix

An analysis of variance (ANOVA) was performed imer to identify the factors which significantly inénce, the
cutting forces, on the one hand, and the surfasghness, on the other.

3.1 Surfaceroughness Ra

The Pareto chart of Ra is shown in Table 5. Theifsigint factors here are those possessing a Revdgher than
5%, i.e., the standard of significance (the daslmsl in Table 5). The feed rate (f) is shown tothe most
influential factor on the roughness, and the cgtingle comes next. The cutting speed (Vc¢), thetype and the
fiber orientation (the item Plate config*Cuttingg®) also have a significant effect, even thougtirtinfluence
may remain low (high P-value compared to that efféred).



Source

P-value
f 1. . . ] 0,00000
Cutting angle I ; 0,00000
Ve 1 : : 0,00772
tool i ; ; 0,01009
Plate configuration*Cutting angle b : : 0,01096
Plate configuration || 0,10160

Table 5. Pareto chart, Ra analysis

The variation of the factors exposed above explainly 57% (R2 = 0.57) of the variation of Ra withihe
experiments. This can be explained by the non-crmrbility of the Ra measurements due to the non-
reproducibility of the milling of the natural fiberomposite samples. It can also be explained byoitedly non-
homogeneous distribution of the fibers and matnixhie machined plaques. Indeed, a high roughnassesailt
from local fiber pull-out and a low roughness cagult from matrix softening and a homogenizatiothef surface
finish. Figure 9 summarizes the influences of taetdrs studied on the surface roughness. The ld¢ereases
significantly with the feed rate until a value olnm/rev is reached, and then stabilizes from®a.45 mm/rev,
where the confidence intervals overlap. The bedtse roughness is obtained with a fiber orientatib 0°. The
cutting tool, cutting angle and cutting speed haview influence on Ra. Figure 9 shows that to minéthe
surface roughness, a fiber orientation of 0° (caration of a plaque configuration of 0° and a cattamgle of 0°),
tool#2, a medium feed rate of 0.3 mm/rev and a ligting speed of 600 RPM are recommended (thd leve
factors shown in red in Figure 9). Tool#2 is foundoe better than tool#1 because of its speciaingéty which

enhances the shear of fibers in FRPs and because lofv value of cutting edge radius, which faeiles the
cutting of fibers.

1,006244
& [0,01972,
1,99276]

2 g g ° 8 %832 33% 3 5 g
' 3 3 gs°°°s § & &8
[s] (¢} © — Y
0 = = 0
Plate Tool#2 Cutting 0,3 20051
configuration tool angle f Vc

Figure 9. Main effects diagram and optimum cuttogdition, Ra analysis

3.2 Cutting forces

Table 6 shows the Pareto charts of the differertef@omponents, as well as the R2 associated aith model.
The fiber orientation is the most influencing facbo the feed force (Ff), followed by the cuttinggée and the feed
rate (Table 6.a). The cutting speed and the toot tgre weakly significant with respect to Ff. Tieed force
amplitude increases with the feed rate and decseadth a cutting speed increase (Figure 10). Thardes-
correlation coefficient was found to be equal to798, which confirms that the factors selected #séntial allow
a good prediction of the behavior of Ff. The norifeaite (Fn) is mainly influenced by the cutting kngnd the
feed rate. The tool type has a little effect onviAnile neither the cutting speed nor the fiber adéion (plate
configuration*cutting angle) influence Fn (Tabldo).Similarly to the feed force, the normal foroereases with



OPTIMIZATION OF MACHINING PARAMETERS FOR THE TRIMMNG PROCESS OF FLAX FIBER COMPOSITES

the feed rate (Figure 10). The passive force (§mpirelated with the feed rate, the cutting speetithe tool type
(Table 6.c). Fp increases with the feed rate (fjl fm 0.3 mm/rev and then decreases. It has a i@doehavior
with the cutting speed, with a minimum value airgermediate cutting speed (Figure 10).

Source P-value Saurce P-value
d | Plate configuration"Cutting angle 0.,00000 b

i Cutting angle 1
Cutting angle I Q00000 | — ¥ |
; i 0.00000 too I
Ve | 000331 Piate configuration™Cutting angle
tood | Ri=04%; 001772 Plate configuration | R=000;
Plate configuration | 019015 Ve |
C Source P-value
f P : 0.00000
Ve | 0.00000
toal = 0.00000
Cutting anghe | 001868
Plate fc-r.jgur.r.:or R2=86Y% 0.11580
Plate configuration"Cutting angle | | 0,70440

Table 6. Pareto chart, a) Ff analysis, b) Fn amabrsd c) Fp analysis

Based on these results, a global optimization dihsa roughness and cutting forces was proposddegponses
were minimized or targeted to zero. The behavidhefthree cutting force components and surfacghess as a
function of the input factors is presented in Feggi0. Considering all responses, a compromise wae nm
identifying the optimum cutting parameters. It desthat, a 0° fiber orientation, a low feed rade06 mm/rev), a
high cutting speed (600 m/min = 20051 RPM) and#Bddre the parameters optimizing the cutting formed
surface roughness, and indirectly the up-millinggesss itself.

3,262184 5
& [2,27566,
4,2487]
0
22,5599 20
i [-27,676,
-17,444] 30
2846502 100
£ [255222, 50
31,4078]
0
50
32,98786 40
2 (27,4343, 38 H H T
38,5414] 10 : : :
0 : : :
< e ¥ ® e & S8z 329 Q3 5 o
' g g S © S 8 ™ S
0 ° ° 0 < — <
Plate Tool#2 Cutting 0,05 20051
configuration tool angle f Vc

Figure 10. Main effects diagrams and optimum cgttianditions, whole milling process



4 CONCLUSION

The main objective of this study was to characgetize machinability of unidirectional flax fiberinéorced
composites made of epoxy resin as matrix (UDF/Epaxyl to identify the optimum cutting parametersimizing
the surface roughness and cutting forces, chosgunaiy criteria. The results show that:

» Flax/epoxy composites can be easily machined. Filzers are not abrasive, since no tool wear was

observed after the milling operation.

e The correlation between the cutting forces andasafroughness was confirmed. Consequently, the

optimization of one leads undoubtedly to the optation of the other.

» A correlation exists between the studied factaes, tutting parameters, fiber orientation andiegttool
characteristics, on the one hand, and the cuttirme$ and surface roughness, on the other.

» The feed rate, fiber orientation, cutting tool gebdmm and cutting speed significantly influence theface
roughness and the cutting force. The cutting spesdh little effect, but cannot be neglected.

» To optimize the up-milling process, the best patansefound were a low feed rate (0.05 mm/rev),dgh hi
cutting speed (600 m/min) and a carbide tool wite-helix angle and a low cutting edge radius.

To validate the importance and the potential of fiaer composites as an alternative to glass fdmnposites, a
comparison between FFRPs machinability and GFRR&imability is required.

[9]
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