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Abstract: Currently there isa strong trend to replace the metallic materialthaMéomposite material:
particularly polymer composites because of thepesior properties, properties that can be desigaed
refined to meet specific requireme Implementation of polymer matrix mposite materials, especia
those reinforced with glass fiber, is determinedtjuding the obvious availability of raw materialsed,
and by the diversity of materials used for the ima#ind reinforcing elements and the possibilitid:
combining thei quantitatively and structurall Glass fiber reinforced plastics (GFRPS) compos#
considered to be an alternative to heavy exoticenis. Currently it is estimated that the reinforcem
of polymeric materials with glass fiber has a 90B&are in ‘he global composites indusi Compared to
metal alloys, composite materials have a betteioratass-stiffness resistance and reduced suscejl-

ity to fatigue and corrosion. According to the ndedaccurate machining of composites has incre:
enomously. During machining, the obtaining cuttingdeiis an important aspect. The present inva-

tion deals with the study and development of argufbrce prediction model for the machining ofdi-

rectional glass fiber reinforced plastics (-GFRP) @mposite using regression modeling. The pro

parameters cosidered include cutting speefeed rate and depth of cut.
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1. INTRODUCTION

Glass fiber reinforced plasticsomposite are mo
widely used invarious products including automob,
sporting goods, marine bodies, plastic pipes, g&
containers, etc. The transport industries are asing
their use of glass fiber reinforced plastics (GFR®
decrease vehicleveight and boost fu efficiencies. Fi-
berreinforced composite materials have become io-
nomic alternative to other materials in highly csive
industrial applications.These material structures ¢
synergistic combination of two or more mi-
constiuents that differ in physical form and chemi
composition and wigh are insoluble in each otl [8].
Composite materials are usuatlj two classifications—
plies or lamina —and their usage has dramatic:
changed the traditional way of working with moniit
materials [12] (Fig. 1)The objective of having two ¢
more constituents is to take advantage of the sur
properties of both materials withoutrapromising on thi
weakness of either. In glass fiber reinforced cositp
structures, the glass fibers carry the bulk load #re
matrix serves as a mediuor the transfer of the loa@].

Machining of these materials poses particularb-
lems that areseldom seen with metals due to theo-
mogeneity, anisotropy and abrasive characteriefi
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Fig 1 Examples of composite materi: a) particulate compo-
site; b) laminated¢omposite; c) fiber reinforced compo:

the composites. Conventional machining practices
as turning, milling and drilling are used with coosjtes
because of the availability of equipment and exee
in conventional machining. Although some of theefit
used in composites are hard (somes even harder than
the tool material) conventional machining is stiled.
(12]

During the last decade, these materials and
manufacturing methods have become more populal
they are now being increasingly used in applicatismch
as commercialaircrafts, ships, automobiles, mach
tools and sports equipments. As composite mate
become increasingly popular, greater emphasis irgyl
placed on manufacturing and fabricating them tarde:
quality and cost. As structural materials, fastgnaf
composite structures cannot be avoided. The famit
efficiency is largely dependent on the quality oa-
chined holes. Due to their anisotropy, and -
homogeneity, FRP poses problems in drilling sucl
fiber breakage, matrix cracking, fiber/matrix achment,
fiber pullout, fuzzing, thermal degradation, spajliand
delamination [1].
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Currently it is estimated that the reinforcement of
polymeric materials with glass fiber has a 90% shar
the global composites industry.

Drilling is the final operation during assembly thie
aircraft and automotive structures. For example, &o
small plane with one engine over 100 000 holesnzae
chined, while for a large transport aircraft miti of
holes are done.

During drilling of composites, material is removed
with a wedge shaped drill causing a series of firast
This is associated with plastic deformation anditsyj at
high stress and strain rates and provides manygestior
acoustic emission [13].

cturing Systems, Vols$,1, 2013 / 5%4

holes drilled. Caprino et al. [4tated that the type of
damage induced in a composite material duringimnigill
is strongly dependent on the feed rate. When thd fe
rates are high, the failure modes show the featypsal
of the impact damage, with step-like delaminatiotra-
laminar cracks and the high-density micro failuomes.
If the feed rate is sufficiently low, the failurermsists
essentially of delamination mainly originating nebe
intersection between the conical surface genetagetie
main cutting edges and the cylindrical surface tod t
hole. Hocheng et al. [9] stated that higher feddsraro-
duce blockier chips by increasing the depth of ¢he
while higher cutting speed causes earlier matdraad-

Wang and Zhang [21, 22] characterized the machinture by elevating the strain rate and reducingdhain

ing damage in unidirectional FRP subjected to ogtti

sliding. The produced surface roughness was also ob

and developed a new mechanics model to predict theerved and was found less than 1 micron for various

cutting forces. Mahdi and Zhang [15] presented a-tw
dimensional cutting model to predict the cuttingcis in
relation to fibre orientations and developed anpéida
three-dimensional finite element algorithm. Sunaét
[20] found that cutting force, cutting temperatuaed

cutting conditions. llio et al. [10] reported exjpaental
studies on Aramid Fiber Reinforced Plastic (AFRP).
was stated that the large oscillations of the thfosce
while drilling AFRP might be attributed to the inho
mogeneity inside the single lamina and to the presef

surface roughness increased with increasing cuttingnterfaces in between the laminae. These osciliatiman
speed. Kim and Ehmann [1l]demonstrated that thebe interpreted as non-uniform distribution of theust

knowledge of the cutting forces is one of the nfast
damental requirements. This knowledge also giveg ve
important information for cutter design, machinelto

design and detection of tool wear and breakage- San

thanakrishnan et al.[17] presented machinabilityuim-
ing process of GFRP, CFRP and Kevlar fiber reirgdrc
plastics composite using P20 carbide, Tic coatedida,

force along the tool cutting edge and the poorrinte
laminar strength of the composites that can caiese-p

ing effects at the interfaces [18].

There are several techniques and methods to solve
optimization problems available in the literatufehe
optimum model is that one that finds the best bssi
solution for the objective function that is beingtio

K20 carbide and HSS tool. Three parameters such asiized. Heuristic methods (or non-deterministic) ased

cutting speed, feed rate and depth of cut weretszldo
minimize surface roughness. Scanning electron micro
scope was use for micrograph. Cutting force, fewdef
and radial force were measured by using inductype t
lath tool dynamometer. It was found that, the K20-c
bide tool performed better in machining fiber reirted
plastics composites [12].

A number of research endeavors have been made i
the recent past to fully characterize the drillimgpcess
for FRP composite materials. The efforts have beade
in the direction of optimization of the operatingriables
and conditions for minimizing the drilling inducehm-
age. Chen [23] observed that the effect of theirgutt
speed on the cutting forces is insignificant foe game
drill material. The cutting forces on the other tamere
found to be lower at lower feed rates. It was fertbon-
cluded that in order to improve the hole qualityeait,
the feed rate at exit needs to be decreased dtiimg
drilling process. Bhattarcharya et al. [8judied hole
drilling in kevlar composites under ambient andoery
genic conditions, the latter being obtained byahplica-
tion of liquid nitrogen at the drill site. The drdits under
cryogenic conditions underwent a much lower wetg,ra
resulting in much lower thrust forces and matediam-
age. Ramulu et al. [1§bserved that in case of drilling
with HSS and HSS-Co drills, the highest temperature
occurred at higher cutting speeds and lower fe&ds.
creasing speed leads to increased tool wear, lager
trance and exit burrs, larger damage rings andedsed
number of holes drilled. Increasing feed leads ne i
creased drill thrust and torque, smaller entramuk exit

to find a good solution (suboptimal solution) imgaex
problems, as the optimal solution determinatiorréa-
sonable computation time can be very difficult oer
impossible due to exploration the whole domain a$-p
sible solutions [2]. Heuristic algorithms such anetic
algorithms (GA), simulated annealing (SA), taburska
(TS) and ant colony optimization (ACO) are powerful
methods which can serve such optimization of proble
where non-linear multi-minima functions with numeso
variables are engaged. The metaheuristic algorithms
search the point that represents a solution usiolyail-
istic rules and they have the advantage of notgobain
rested to minimum or maximum local [5]. Duran et al
[7] used GA and the expanded Taylor Tool Life Egrat
to accomplish the cutting parameters optimizatiout-(
ting speed and cutting depth), which guaranteeoimeli-
tions of minimum cost and maximum production in a
certain lathe operation [2].

Drilling of composite materials is different tharilid
ing of metals as drill has to pass alternativelsotigh
plastic (matrix) and fiber (reinforcement) whichvka
different properties. The difference in the phykiaad
chemical properties of the constituents makes titen
standing of the mechanism of material removal quite
complex. Material removal during drilling of comjites
involves series of fractures aided by diverse matmd
uneven load sharing between matrix and fiber [3je T
drilling action results in damage of the compositate-
rial around the hole. It affects the surface fincghthe
drilled hole and also results in performance detation
of the final composite product [6]. This damage t&n

burrs, reduced damage width and increased number astimated and characterized [16].
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Table 1
Material properties
Properties Units Fibers Matrix
Density kg/ni 2550 1230
Elasticity KN/mi? 72.4 37
modulus
Poisson's
ratio - 0.32 0.42
Shear T —
modulus kN/mm? 27.4 1.3 ' = o,
Coefficient . . . .
of thermal 10%°C 28 100 Fig. 3. Drills used:a — carbide;b — high speed steel.
expansion

Machine
spindle

Dhralling vood

Workpioce
adapier

Machine
table

Fig. 2 Material used for experiments.

Fig. 4. Structure of experimental stand.

Table 2

2. MATERIALS AND EXPERIMENTAL Plan of experiments

PROCEDURE Cutting Feed rate

. . Level velocity

2.1. Workpiece details (m/min) (mm/rev)

The material used for experiments is a 10 mm thick- 0.02
ness pultruded glass fiber composite with uni-dioaal 1 50 0.04
fiber. Pultrusion process is an effective methodnmu- 0.08
facture strong light weight composite materialshefs 0.16
are pulled from spools through a device that ctiags 0.02
with a resin. They are then typically heat treaed cut 2 100 0.04
to length. The word Pultrusion describes the metbibd 8'(1)2
moving the fibers through the machinefhe reinforce- 0:02
ment is E-glass type and the matrix is Bisphendh — 0.04
vinyl ester. The material properties are presemedble 3 140 0.08
1. The fiber volume fraction is approximately 42%ig. 0.16
2)

The material properties are presented in Table 1. 3. RESULTS AND CONCLUSIONS

3.1. The determination of the regression relationgps

2.2. Experimental details
P for the drilling axial force

The machine tool used for experiments is a CNC Ma
chining Center MCV 300 First with a max spindle epe The existing models in the literature concerning th
of 8 000 rpm and spindle motor of 11 kW. For me®sur  calculation of forces and moments when drilling pos
the force evolution is used a 3 component quartiady tes consider Young's modulus, Poisson's ratio titk-
mometer Kistler type 9 257 B used for mechanical ac ness, critical energy propagation of cracks, flekstiff-
tions measurement in three directions. The expetiahe ness matrix. Since the studied material is obtaibgd
setup is presented in Fig. 4 in which the workpieze pyltrusion and has a structure close to that ofdgeme-

mounted on the dynamometer on the table of thegys materials, the calculation for determining dpémal
MCV300 First. The tools used are a 9 mm diameter ca formula of the forces and moments takes into accoun

bide drill (made by Promat,), general purpose,’118 Taylor's relationship.
standard straight shank and a rapid machining Steeh Because the cutting moment has small values and no
drill (Fig. 3). clear trend, the formula will be made only for #eal
force.
2.3. Plan of experiments The general relationship of the axial force that de
In Table 2 the plan of experiments used for diglin pends of the cutting parameters in drilling is give the
the glass fiber reinforcecbmpositds presented literature by Taylor's relationship:
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- Xg £ Yeyy
F=CDTv @) ve=50m/min
where: F is the axial force [N]D - the drill diameter 10
[mm], f — feed rate [mm/rev]y. — cutting velocity 35 -
[m/min], CF — experimentally determined constark, 30 17; =
yF, zF - polytropic exponents. _ 155 ,4’#;
Are taken into account all the factors that infloen 2 rd D
the values, because each has a significant share. 15
By the linearization of the relationship is obtaine 10 - B -fralc
5
IgF = IgCF + xFIgD + yF Igf + zF Igvc (2) 0
0 0,05 01 015 02
3.2. Determination of the regression relationshipgor f(mm/rev)
the axial force when using a @9mm carbide drill.
In Eq. 2 the data obtained in machining are intro-
duced resulting a system of 12 equations with 4 un- a
knowns see Eq. 3. This yields in a oversized system
whose outcome is achieved using the method of leas .
squares using the MatLab program [14]. vc=100m/min
(1g18=IgG-+xlg9+ylg0.02+71g50, *
1g22=1gG-+xelg9+yFg0.04+zlg50, 40 —4
1926=IgG-+x£lg9+Yy:g0.08+zIg50, ===
Ig34=IgG-+xFlg9+yrlg0.16+Ig50, z¥ /
lg20=I1gG-+x£lg9+yelg0.02+7lg100, T ——Fzmas
1g24=1gG+xg9+y:g0.04+zlg100, 3) r—
< 1g32=1gG+xg9+y:g0.08+zIg100, 10
Ig40=1gG+xg9+y:g0.16+zIg100, .
1g20=1gG+xg9+y:g0.02+zIg140, 0 005 o1 015 02
1g26=1gG+xg9+y:g0.04+zlg140, fimmjrey]
1g33=IgG+xg9+y:g0.08+zlg140,
Qg4O:IgQ+xFI99+yFIgo.16+1Igl40, b
CF=1,
xF =1.5785, .
yF = 0.3251, vc=140m/min
zF = 0.1694. 50
Therefore the Taylor's relationship for the axiaick 0 -
in drilling a unidirectional glass fiber reinforcedmpos- /
ite that contains 60% fiber glass using a 9 mm idarb _ 30
drill is: z . / N
F = D575 03251\/C 01694 (4) y S
In Table 3 are presented by comparing the values ob ’ . 005 01 01 02
tained in machining and those obtained by calcutati ' ﬂmm'frev] ' '
using Taylor's relationship.
Table 3 c

Forces values

Fz measured [N] Fz calculated[N]
18 17.45668
22 21.86736
26 27.39246
34 34.31356
20 19.63026
24 24.59012
32 30.80317
40 38.58604
20 20.78095
26 26.03156
33 32.60881
40 40.84789

Fig. 5. Comparative values for the measured axial forcetha
calculated one using the mathematical modeldery, = 50
m/min; b —v. = 100 m/minc - v, = 140 m/min.

Using these data are plot the charts in order & an
lyze the gap between the measured values duritioglri
and the values obtained by computing with the psedo
formula.

For lower values of the feed rate, the differerioes
tween the calculated values and those recordechgluri
the measurement is below 1%, while increasing the a
vance, these differences reach 7%.
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3.3. Determination of regression relationships ofhe
axial force when using a @9mm high speed steel dril
In analogy with the calculation made for the caebid

drill, experiments and calculation are made for &S

drill. The resulting system is:

(" 1926=IgG-+x£lg9+y-g0.02+zlg50,
1g44=1gG-+x¢lg9+y:lg0.04+2lg50,
1g65=1gG-+x¢lg9+y:lg0.08+2lg50,
1g100=IgG-+x¢lg9+y:lg0.16+2Ig50,
1g38=IgG+x¢lg9+yHg0.02+2zIg100,

< Ig70=IgG+xelg9+ylg0.04+2zIg100,
lg110=IgG-+x¢g9+y:lg0.08+21g100,
1g200=IgG-+x£lg9+y:lg0.16+2Ig100,
Ig58=1gG+xelg9+y-g0.02+zlg140,
1g120=IgG-+xelg9+y:lg0.04+2Ig140,
1g260=IgG-+x£g9+y:lg0.08+2Ig140,

\Ug400=IgG-+x1g9+ylg0.16+%lg140,

(®)

CF=1.01,
xF = 0.9275,
yF = 0.7902,
zF = 1.0567.

Therefore the Taylor's relationship for the axakck
in drilling a glass fiber reinforced composite sia &9
mm classic high speed steel twist drill is:

F = 101D ®*°f 703 "% (6)

From the graphs and tables it can be seen that afte

calculating using Taylor's formula the values atdi
are close to those recorded during the experimi@rgs
tween 1 and 7%). This is true for carbide drills fichich
the wear is negligible. For the speed steel dridain be
observed a greater difference between the calcukatd
measured values, leading to a gap of 20% betweeas-me
ured and calculated values. This is due to a shattphg
tool wear, for which the axial force is elevated.den-
eral, equations that fully estimate the values xila
force and moment will not exist for any cutting pess
due to the many unknown factors generally friction,
which has great influence on the axial force andneat.
Therefore for force calculation in drilling glasgdr
composites it should be considered the cutting noate-
rial because with a pronounced wear the frictioafito
cient (Eq. 7) increases. This is the case for tilerdade
from steel that wears more faster comparing withdhe
made from carbide.

Table 3
Forces values
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F[N]

120

100

BO

60

40

20

vc=50m/min

0,05

01 0,15

fmm/rev)

02

—— Fzmas

- B =Fzcale

a

F[N]

250

200

150

100

30

vc=100m/min

0,05

01 0,15

fimm/rev)

02

—— Fzmas

- B -Fzealc

F[N]

500

400

300

200

100

vc=140m/min

0,05

0,1 0,15

flmm/rev)

0,2

—— Fzmas

= B =Fzealc

C

Fig. 6. Comparative values for the measured axial forcetha

Fz measured [N] Fz calculated[N]
26 22.065
44 38.15732
65 65.986
100 114.1105
38 45.89891
70 79.37364
110 137.262
200 237.3691
58 65.49617
120 113.2635
260 195.8681
400 338.7175

calculated one using the mathematical model (usifgnm
classic high speed steel drill) f@= v, = 50 m/min;b -, =
100 m/min;c — v, = 140 m/min.

4. CONCLUSIONS

Following conclusions can be drawn from the litera-
ture on drilling of composites:

The machining of polymer matrix composites is con-
sidered that this differs from the machining of atlt
materials, so special attention should be giveestab-
lishing the cutting regimes and constructive andnget-
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rical parameters of cutting tools, depending onviioek- annealing Front. Mech. Eng., 7(4), pp. 417-426,
pieces properties. 10.1007/s11465-012-0343-2, 2012.

The modeling of drilling process in polymer—matrix [9] H.'Hocheng, H.Y. PuwOn drilling charactgristics of fiber
composites (PMCs) so far has been done mostly using reinforced thermosets and thermoplastidat J Mach
neural network or fuzzy logic and there is only ates- Tools Manuf 1992;32(4), pp. 583-92. .
sical model available for drilling of CFRP compesit [10] A.D.'Il.lo, V. Tagllgferrl, F. \(enlall,Cuttlng mechanisms
All other classical models available are of driyirhn. in drilling of aramid compositesint J Mach Tools Manuf

1991;31(2), pp. 155-65.

conventional metals. [11] H.S. Kim and K.F. Ehmanm cutting force model for face

The material studied has a behaviour similar to dfia milling operations International Journal Machine Tools
conventional homogeneous materials. Thereforeltuea Des ResVol. 33, 1993, pp. 651-673.
late the forces the formula used for metallic matsris [12] S. Kumar, M. Gupta, P.S. Satsangi, H.K. Saaj&utting
applied and not specific mathematical models fan-co forces optimization in the turning of UD-GFRP corsipes
posites. under different cutting enviroment with polycrystsl
The law according to which as cross edge drill is diamond toaql International Journal of Engineering, Sci-
large relative to the cutting edge, the axial fdecgreater ence and Technology, VVol. 4, No. 2, 2012, pp. 1@6-1
is respected. [13] A. Lita, C. Bisu, C. MinciuJnfluence of tool material on

dynamics of drilling and damage analysis of UD-GFRP
composites U.P.B.Sci.Bull., Series D, Vol. 74, Iss. 3,
2012, ISSN 1454-2358, pp. 169-178.

Gf14] A.E. Lita, Researches regarding the drillability of a long
unidirectional glass fibre reinforced composihD The-

The main goal in finding equations for estimating a
ial force and moment is to get good benchmarks.

calculating using Taylor's formula the values atdi

are close to those recorded during the experimiaets sis, University "Politehnica” of Bucharest, 2011.
tween 1 and 7%). For the speed steel drill it carob-  [15] M. Mahdi and L.C. ZhangA finite element model for the
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[16] A. Pal Singh, M. Sharma, |. Singh, review of modeling
REFERENCES and control during drilling of fiber reinforced pdtic

) ) ) compositesComposites: Part B 47 (2013), pp. 118-125.
[1] D. Anania, Gh. AmzaResearch concerning the influence [17] M. Ramulu, T. Branson, D. KimA study on drilling of

of milling parameters over the surface quality of ari- composite and titanium stack€ompos Struct 2001;54,
ented fiberglass composite mateyidhe 4th International pp. 6777

Conference on Structural Analisys of Advanced Matsri . .
A . [18] G. Santhanakrishnan, R. Krishnamurthy and Svdl-
ICSAAM 2011, #10 September 2011, Sinaia, Romania, hotra, High speed steel tool wear studies in machining of

ISSN 2247-8337, pp. 22-26. h . )
[2] M.O. Batalha, Introduction to Production Engineering g?;;g%re reinforced plasticVeay Vol. 132, 1989, pp.

Rio de Janeiro: Elsevier Publisher, 2008. . . - .
[3] D. Bhattacharya, D.P.W. HorrigaA,Study of hole drilling [19] l'. Sm.gh, N. Bhatpagar, .P' VlswanatD.rlll.lng of uni-
directional glass fiber reinforced plastics: Expeegntal

516;(_e§/éar compositesCompos Sci Technol 1998;58, pp. and finite element studyaterials and Design 29 (2008),

[4] G. Caprino, V. Tagliaferribamage development in drill- pp. 546-553. . .
ing glass fiber reinforced plastictnt J Mach Tools Manuf [20] F.H. S‘”?’_Z-W- Wu, ‘]W Zh(_)ng and M. C_:hdfngh
1995:35(6), pp. 817—29. speed mllllng of SiC partlgle relnforced.alumlnunsbd

[5] AA. Chaves, F.L. Biajoli, O.M. Mine, M.J.F. Sza, MMC with coated carbide insert&ey Engineering Mate-
Exact and heuristic modeling for solving a genezation rial, Vol. 274, 2004, pp. 457-462. ) -
of the travelling salesman problerim Brazilian, Sympo-  [21] X.M. Wang and L.C. Zhangvlachining damage in unidi-
sium of Operational Research, Sobrapo, 2004, pp4-136 rectional fibre-reinforced plasticsin: Abrasive Technol-
1378. ogy: Current Development and ApplicatiohsWorld Sci-

[6] J.P. Davim, Machining composite materialsLondon: entific, Singaporg1999, pp. 429-436.
ISTE-Wiley, 2009. [22] X.M. Wang and L.C. Zhandi\n experimental investi-

[7] O. Duran, R. Barrientos, L.A. Cosalteppplication of gation into the orthogonal cutting of unidirectidri@re-
genetic algorithm and Taylor expanded equation i o reinforced plastics International Journal Machine Tools
taining maximum efficiency rangBroceedings of IV Bra- ManufacturingVol. 43, 2003, pp. 1015-1022.
zilian Congress on Manufacturing Engineering, Cobef, [23] Wen-Chou ChenSome experimental investigations in the
2007. drilling of carbon fiber reinforced plastic composilami-

[8] M. Gupta, S.K. Gill,Prediction of cutting force in turning nates Int J Mach Tools Manuf 1997;37(8), pp. 1097-

of UD-GFRP using mathematical model and simulated 1108.



