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Abstract

The applications of glass fiber reinforced polymer composite materials are increasing in many industries, such as auto-
mobile, aerospace, construction, marine, and defense. The slot milling is an important machining operation to reduce the
excess material and to bring the component to the required final shape and size. However, machining the glass fiber
reinforced polymer composite laminate is still challenging due to its non-homogeneity and anisotropic properties. In this
research, 3D finite element model is developed using ABAQUS/explicit to investigate the cutting forces, chip formation
process, and the laminate failure modes. The material model is created using Autodesk HELIUS PFA and the 3D Hashin’s
criteria are incorporated to characterize the failure modes. The finite element model effectively analyzes the interaction
between tool and laminate, to evaluate the possible failure modes of the GFRP laminate, effects of cutting forces for
different cutting speeds, and feed rates during the slot milling process. Moreover, the finite element simulation results are
validated by comparing with the experimental results and the literature. From the investigation, it is found that the effect of
cutting speed and feed rate involves more in the chip characteristics, which is confirmed with the scanning electron
microscope images of the milled chips. The chips obtained are mostly discontinuous fractured chips in powder form with
fiber pullout and delaminated fibers.

Keywords GFRP - Slot milling - Cutting forces - Chip formation - SEM - 3D finite element model

1 Introduction

Glass fiber reinforced polymer (GFRP) composite materi-
als have found wide applications as functional and struc-
tural materials due to its static, dynamic, thermal, and
chemical properties. They provides high specific strength/
stiffness, low density, long fatigue life, strength-to-weight
ratio, superior corrosion resistance, light weight construc-
tion, high damping, low thermal conductivity, high fatigue
strength, and resistance to chemical and microbiological
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attacks [1-3]. These superior properties and the potential
applications, nowadays, create the interest for the
researchers and need to understand the machining process
of the GFRP laminate.

GFRP composite laminates are made to near-net shape,
but simple conventional machining operations are essential
to assemble and to integrate with other components of the
system. However, the non-homogeneity, anisotropic, and
abrasive nature of the composite causes different kinds of
problems during these machining operations such as mil-
ling and drilling [4]. The common defects associated in
machining of GFRP laminates are micro-cracking, fiber
breakage, fiber pull-out, matrix cracking, and delamination.
Moreover, the delamination is found to be one of the major
defects, which influences more in the chip formation during
the slot milling operation of GFRP composite [5-7].

The experimental study is very much-needed to over-
come these machining difficulties. Hence, the researchers
concentrate more on these studies to understand the com-
plex slot milling process. However, it is time-consuming
and very expensive, especially during a wider
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machinability metric (i.e., variation in tool geometry,
materials, and cutting conditions) is considered [4, 8, 19].
In addition to this, experimenting and interpreting the
results mainly depend upon the accuracy of the
machineries and calibration of the equipments used. Hence,
finite element method is preferred to overcome these dif-
ficulties and to simulate and understand the complex chip
formation process.

AZMI, AT [9] conducted experimental studies to
understand the chip formation process during end milling
of glass fiber reinforced polymer composites. He reported
that the chips produced are discontinuous, fracturing, and
shattered powdery particles. Moreover, the collected chip
reveals the various modes of failures, such as bending,
buckling, fracture, delamination, and crushing—compres-
sion of fiber and matrix material.

Lasri et al. investigated the machining of GFRP using
FE model with maximum stress and Hashin criterion. The
objective of this study is to better understand the chip
formation process and to analyze the cutting-induced
damage from initiation stage until complete chip forma-
tion. The cutting forces predicted using Hashin Failure
criterion are close to the experimental results [10].

Seyedbehzad Ghafarizadeh et al. developed 2D FE
model to investigate the chip formation, machining dam-
age, and cutting forces during the milling operation in
CFRP. The FE results are in good agreement with the
experimental results. Moreover, they concluded that the
machining damage mainly depends upon fiber orientation,
fiber compression damage, and matrix cracking [6].

He et al. developed macro- and micro-FE models of
milling of CFRP using ABAQUS. Three-dimensional
Hashin criteria are used for material damage prediction.
The simulation results shows that the cutting forces F and
Fy in the macro model are very close in correlation with the
experimental results. The results also show that both the
milling forces and delamination increase with the
increasing feed rate and decrease with the increasing
spindle speed [11].

Oguz Colak et al. investigated the effects of cutting
forces and surface quality in milling the CFRP laminate
under different cutting conditions. Their conclusions are as
follows: cutting forces are minimum at higher cutting
speed and lower feed rate. Moreover, surface roughness
increases with increasing feed rate and decreasing cutting
speed [5].

The developed and validated 3D finite element model is
a boon to the industries and researchers to study the
complex cutting mechanisms in milling the GFRP lami-
nates [20].

From the literature and to the authors knowledge,
although many FE models have been proposed for the
simulation of milling and drilling, 3D finite element model
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is not yet developed for the slot milling operation partic-
ularly for GFRP laminate, since it requires huge compu-
tation time. In GFRP composites, fiber pullout and
delamination damages are very predominant during milling
operation [7, 9]. However, 3D FE model is only capable of
predicting the chip formation process and the delamination
damages very effectively when compared to 2D model
[12].

Thus, a 3D FE model is developed in ABAQUS/Explicit
to predict the cutting forces, chip formation process, chip
characteristics, modes of failure of the laminate, working
stress, and fiber—matrix failure. Furthermore, to validate the
developed 3D FE model, milling experiments were con-
ducted on unidirectional fiber reinforced GFRP (UD-
GFRP) laminate and compared with the FE simulation
results. The influence of the cutting parameters over the
chip formation is investigated using the chip photographs
and scanning electron microscope (SEM) images.

The proposed 3D FE model benefits the manufacturing
industries in the following ways: it helps to reduce the
number of experimental trials required to optimize the
machining process. The predicted values can be extrapo-
lated to analyze the machining behavior even in very high
cutting conditions. The industry is reeling from higher
material procurement and processing cost due to the
experimental work, and such predictive numerical methods
alleviate the cost and provide better solutions in quick time.

2 Experimental setup

The milling experiments were conducted on a NAMMIL
XL6026AV vertical milling machine. This machine has the
maximum spindle power of 2 HP and a maximum spindle
speed of 1700 rpm. Solid carbide TiAIN coated four fluted-
end mill cutter with the 10 mm diameter, which is pre-
ferred [11, 13] for performing the slot milling operation.
The slot milling was performed (as shown in Fig. 1) for
various machining parameters, as shown in Table 1.

The literature depicts that the higher cutting speeds and
feed rates produce improper chip formation. The chips are
mainly dust of micro-sized particles, when the spindle
speed is greater than 1000 rpm [6, 7, 9]. Hence, the
machining parameters were minimised for experimental
study, with spindle speed < 1000 rpm and feed rate <

200 mm/min, which facilitate to investigate on chip
characteristics and the damage modes of the laminate very
effectively. The four-channel IEICOS dynamometer
(Model number 6306) was used to capture the cutting force
data (shown in Fig. 1c). The cutting force data mentioned
in Table 2 were obtained from the experimental study,
which matches with the literature [7, 9, 10] and with the 3D
FE simulation results.
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Fig. 1 a Work and tool. b Experimental setup. ¢ Data acquisition system

Table 1 Machining parameters used in milling of GFRP laminate

Milling parameters Magnitude

Spindle speeds, N (rpm)
Cutting speed, V. (m/min) 10.99, 18.84, 28.26, 53.38
Feed rate, f (mm/min) 50, 150

Depth of cut (mm) 1

350, 660, 900, 1700

Fiber orientation 0° unidirectional

The cutting force data obtained from experimental result
reveal, at lower cutting speed and feed, the cutting forces
are maximum. However, at higher cutting speeds and feed,
the cutting forces are reduced by 40-50% as shown in
Table 2.

3 Finite element model

3.1 Methodology

In this research work, 3D finite element model is developed
using the commercially available FEA software (ABA-
QUS/Explicit 6.14-2) to simulate the slot milling process in
the unidirectional GFRP laminate. ABAQUS/explicit does
not have built in 3D Hashin damage criteria [8, 14, 15].
Hence, AUTODESK HELIUS PFA plug-in is used to
incorporate the material properties of the laminate, damage
initiation, and damage evolution criteria. The FE model is
developed to accurately characterize the dynamic charac-
teristics of the slot milling process, considering the com-
plex end mill cutter geometry and interaction properties
between the tool and the work piece.

Table 2 Experimental results of average cutting force at different cutting speeds and feed rates

Feed rate, f (mm/min)  Cutting speed, V. (m/min)

Max. cutting force, Fx (N)

Max. cutting force, Fy (N)  Max. cutting force, Fz (N)

50 10.99 42
18.84 28
28.26 19
53.38 17
150 10.99 28
18.84 19
28.26 21
53.38 18

31 15
24 11
21 12
15 10
24 10
20 9
19 11
15 10
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Table 3 Properties and Geometric Specifications of Carbide Drill Bit

Table 4 Finite element model—input data

Specifications/description

Value(s)

Product Twist drill
Shank type Plain

Drill diameter (mm) 10
Overall length (mm) 62.50
Shank length (mm) 32.50
Flute length (mm) 30

Shank diameter (mm) 10

Material Solid carbide

Type High-performance drill
Number of flutes 02

Dirill style Metric

Coating TiAIN

Coating thickness 2-5 pm

Working temperature Max 900 °C

Coating colour Reddish, violet, black
Hardness 3300 Hv

Density (kg/m3) 11,560

Helix angle (°) 30

Point angle (°) 130

Chisel edge radius (mm) 0.7

Chisel edge angle (°) 135

Lip relief angle (°) 12

3.2 Geometric model of the tool and workpiece

A 3D homogeneous UD-GFRP workpiece model is created
using ABAQUS—part module with the dimensions 25 mm
X 25 mm x 3 mm, as shown in Fig. 8, 9. Solid carbide end
mill cutter (SANDVIK H10F Grade with 115° point angle;
30° helix angle with 4 Flutes) of diameter 10 mm was
modeled in CATIA V5R14 [16] (as shown in Fig. 2). This
3D part model is then imported to ABAQUS as a rigid
body in Interactive Graphic Exchange System (IGES) file
format. The Properties and Geometric Specifications of
Carbide Drill Bit are given in Table 3.

3.3 3D finite element model

The FE model consists of a UD-GFRP laminate with the
average element size of 0.25 mm and 50,000 elements
meshed with C3D8R (linear 8-node linear brick, reduced

integration, and hourglass control). The end mill cutter
model is considered to be a rigid body [14], which consists

Fig. 2 3D Model of four fluted-end mill cutter

@ Springer

Work piece UD-GFRP laminate
Tool Dia. 10 mm
Dimensions of FE model 25 x 25 x 10 mm
Type of element in work piece C3D8R

Number of elements in work piece 50,000

Number of nodes in work piece 54,621

Element size in workpiece 0.25 mm

Type of element in tool C3D1I0 M

Number of elements in tool 32,895

Number of nodes in tool 49,665

Element size in tool 1 mm

Total elements and nodes in FE model 82,895 and 104,286
Friction factor 0.7

Failure criteria 3D HASHIN

Refer Table 1

of 32,895 elements meshed with C3D10 M (10-node
modified quadratic tetrahedron), and the element size is
around 1 mm (refer Table 4; Figs. 8, 9).

3.4 Constitutive material modeling

The GFRP laminate used for this FE simulation is a uni-
directional laminate with 65% fiber content and it is con-
sidered to be an orthotropic homogeneous material. The
UD-GFRP laminate is made of TAIRYFIL glass fiber and
epoxy adhesive. The mechanical properties of the GFRP
laminate are given in Table 5.

Table 5 Mechanical properties of GFRP laminate

Specifications Value(s)
Longitudinal modulus, E, (GPA) 40
Transverse modulus, E, (GPA) 8
Transverse modulus, E, (GPA) 8

Shear modulus in 1-2 plane, G,, (GPA) 4

Shear modulus in 2-3 plane, G,, (GPA) 3

Shear modulus in 1-3 plane, G, (GPA) 4
Poisson’s ratio, v 0.25
Density (kg/m®) 1992
Specific gravity 1.99
Longitudinal tensile strength, X; (MPA) 1000
Longitudinal comp. strength, X. (MPA) 600
Transverse tensile strength, Y, (MPA) 30
Transverse comp. strength, Y. (MPA) 110
Shear strength in 1-2 plane, Sy, (MPA) 40
Shear strength in 2-3 plane, Sy, (MPA) 40
Shear strength in 1-3 plane, Sy, (MPA) 40
Resin/fiber ratio 35:65 [+ 5]
Fiber orientation 0
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The 3D Hashin failure criteria with related constitutive
model are incorporated into ABAQUS/explicit using a
VUMAT subroutine provided by AUTODESK HELIUS
PFA plug-in for the 3D solid elements [14, 15].

The GFRP laminate is modeled as a homogeneous
orthotropic elastic material before the damage initiation.

The stress—strain relationship is given by the following:

o ¢, 0 0 07](e&
oy C?z C(z)2 c§3 0 0 0 €y
o | _ C(f3 Cg3 C§)3 0 0 0 €,
Tyy 0 0 0 C24 0 0 Yo [
Ty 0 0 0 0 C25 0 Vyz
Tyz 0 0 0 0 0 Cg6 Yz

(1)
where

Y, = E(1 —vyv)T, 2a

ng =E,(1 — v )T,

(
(
€35 = E-(1 —vwy)T, (2
C(l)2 = E (vyx — vany)T, (
C(2)3 = Ey(
Cly = Ex(var = vyuvy)T,
Clis = Gy,
Cgs = Gy,
C(6)6 = Gy,
r=1/(1

Here, E is young’s modulus, G is shear modulus, and v is
Poisson’s ratio.

When the damage has initiated and occurred, the dam-
age elastic constants C; are used, which is calculated with
the equations given below.

)

)

)

)

Vay — ViV )T, (2e)
(2f)

)

)

)

)

— VayVyx — VyzVzy — VazVax — Zvyxvzyvxz)'

Ci=(1—-dy)C?, (3a)
Cyn = (1 —di)(1 — dp)CY,, (3b)
Cs3 = (1 —dp)(1 — dn)C3;, (3¢)
Cip = (1 —dp)(1 —dp)CY,, (3d)
Co3 = (1 —dp)(1 — d)CY, (3e)
Ci3 = (1 —dp)(1 — dpn)CY, (3f)
Cas = (1 = dp)(1 = seuum) (1 = Smedime ) Cay (32)
Css = (1 = di)(1 = Spytlont)(1 — Simedme) Cs, (3h)
Cos = (1 — di)(1 — Syuling) (1 — Smedme ) Cop.- (3i)

The factors mentioned in the above equations s, and
Sme are used to control the shear stiffness caused by tensile
and compressive failure in the matrix, respectively. ABA-
QUS/Explicit [14] recommends s, = 0.99 and s, = 0.5.

The global fiber and matrix damage variables are as
follows:

df =1- (1 — dft)(l — dfc), (421)
dn =1 = (1 = dn)(1 = dine), (4b)

where dy and dy. are the damage variables associated with
fiber tension and compression failure modes. d,,, and d,.
are the damage variables associated with matrix tension
and compression failure modes.

3.5 HASHIN failure criteria

The four basic modes of failure occurs in composite
structure are matrix cracking, fiber-matrix shearing, fiber
failure, and delamination failure [14, 15]. These failure
modes strongly depend on ply orientation, loading direc-
tion, and geometrical properties of the laminate.

Though many failure criteria are available, HASHIN
damage criteria are only capable of evaluating the different
modes of failure of the laminate. Hence, the constitutive
damage model of the composite laminate used in this
analysis is 3D Hashin’s theory.

AUTODESK HELIUS PFA 2016 plug-in is used to
include the material properties of the composite laminate,
Hashin failure criterion, damage initiation, and damage
evolution criteria to the 3D FE model. This plug-in is used
for incorporating any one of the selected VUMAT sub-
routine failure models [15] (Max stress, Max strain,
Hashin, Puck, Tsai-Hill, Tsai-Wu, Christensen, LaRCO02,
etc.). The damage initiation is controlled by the 3D Hashin
criteria and damage evolution is based on stiffness degra-
dation factor of 0.1 and 1E~® for matrix and fiber,
respectively [15].

The Hashin criterion is capable of evaluating the four
different modes of failure for the composite material. The
four modes are: tensile fiber failure, compressive fiber
failure, tensile matrix failure, and compressive matrix
failure [15, 17] which are mentioned by the Hashin equa-
tions (5)—(8):

2
1

Fiber tension (g1; > 0) : <%) +tan (01, +03;) <1,
12

2
Fiber compression (o7, <0) : (%) <1, (6)

C
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Matrix tension

Y2

1 1
(00 +033>0): — (o2 + 633)2+ST (653 — 622633)
t 23

1
+g (o + ) <1,
12
(7)
Matrix compression (022 + 033 <0)
1 Y. \? 1 2
D — . -1 —
Y. [(252) (022 % 03) + 483, (0 + 03)
1 1
+ (033 — 0m20%3) + - (o1, + 03;) <1
S35 St
(8)

In the above 3D Hashin failure criteria equations: X, is
the tensile failure strength in fiber direction. X, is the
compressive failure strength in fiber direction. Y; is the
tensile failure strength in direction 2 (transverse direction
to fiber direction). Y, is the compressive failure strength in
direction 2 (transverse direction to fiber direction). S;, is
the failure shear strength in 1-2 plane. S,3 is the failure
shear strength in 2-3 plane. o is the Stress.

3.6 Boundary conditions and loading

The boundary conditions for the FE model is applied by
considering the real-time situations of the actual milling
process, the four sides of the workpiece were fixed
(clamped) and arrested for all six degrees of freedom
(Encastre: Ul = U2 = U3 = UR1 = UR2 = UR3 =0).
The end mill cutter is constrained in Y and Z directions, and
it is allowed to move along the X axis (Feed) and rotate
along the Z axis (Spindle speed) only (U2 = U3 = URI =
UR2 = 0). A reference point is created at the tool tip; a
translation (feed rate) and rotational velocity (Spindle
speed) were applied. The cutting parameters were applied
to the FE model as per the details mentioned in Table 1.

4 Results and discussion
4.1 Cutting force

The cutting force is an important factor which determines
the chip morphology and the failure mode of the laminate,
which may be predicted with the help of FE simulation
tools [7]. The high degree of fluctuation (as shown in
Fig. 3, 4, and 5) in the cutting force signal is observed
while milling GFRP laminate. This is due to the fiber
reinforcement and its orientation in the unidirectional
GFRP laminate [7, 18].
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Experimental and FEA results show the max cutting
force (Fy, Fy) which decreases with the increase of the
cutting speed (m/min). Max cutting force obtained is Fy.
=32 N, Fy=31N at V. =10.99 m/min, and feed rate
f =150 mm/min. The cutting force during the slot milling
operation is maximum, at lower feed rates and at lower
cutting speeds. Whereas at higher cutting speeds and feed,
the cutting force is comparatively in minimum range as
shown in Fig. 6 and 7. Moreover, it shows the correlation
of the cutting forces obtained from FE and experimental
results. These results are harmonious with a deviation of
only 10-15% and it also matches with the literature [7, 9].
These results confirm the quality of the developed 3D FE
model in predicting the cutting forces during the slot mil-
ling process.

Figures 3, 4 show the comparison of cutting force pro-
files (Fx and Fy) obtained from the experimental and FE
model. These figures show a good agreement between FE
and experimental results. The FE model as well as exper-
imental results show negative value of cutting forces in
x direction (Fy) for every cycle of tool rotation. This is
because the chip thickness is theoretically equal to zero at
180° tool rotation. Moreover, the small difference in the
comparison of the experimental and FE thrust force profiles
is due to the tool run-out during the milling process [21].
Figure 5 shows how the cutting forces F and Fy vary with
respect to the tool rotation angle for one teeth.

4.2 Working stress

The results obtained from the FE simulation reveal the
maximum stressed regions of GFRP laminate. The maxi-
mum stress during material removal & chip formation is
174.6 MPa, which is greater than the ultimate shear
strength of the material. Shearing is predominant in the
milling process due to the sliding action of the tool with the
workpiece. Figure 8 shows the development of maximum
shear stress during cutting action and chip formation.

4.3 Modes of failure predicted from FE results

The machining simulation recorded from the FEA results
exposes the different modes of failure in the GFRP lami-
nate as mentioned in Sect. 3.5. The Solution-Dependent
state Variable (SDV) plots were captured to understand the
modes of failure effectively.

The plot SDV1 shows the damage state of the UD-
GFRP laminate; since it has reached the value of 2.0, it
reveals the complete failure of the matrix.

SDV?2 results predict the matrix failure index; in this
case, the epoxy matrix material has reached its ultimate
strength, which is interpreted from the maximum value of
1.0. The SDV3 reveals the fiber failure index. The plot
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Fig. 3 Comparison between
experimental and FE model — 20 " [l
values of cutting force (Fy) in &
slot milling of GFRP laminate at § 0 LA B (L \ J \
: y H‘l R A W W WH LI
N = 350 rpm, feed o 20 LU ‘ 1 d ' .“Ll ‘ h‘l li l
roiadwi b Nl A1 TRV LAY R TR T
of cut = 1 mm = 40 | , I e Y
O | )
-60
0.000 0.008 0.015 0.023 0.030 0.038 0.045
Time (min) Fx (FEA)
e Fx (Expt.)
Fig. 4 Comparison between
experimental and FE model =
values of cutting force (Fy) in ~
slot milling of GFRP laminate at o]
V. = 10.99 m/min, E
N =350 rpm, and feed o0
rate = 150 mm/min E
&
0.000 0.008 0.015 0.023 0.030 0.038 0.045
Time (min) Fy (FEA)
e Fy (Expt.)
40 180° to 90° clockwise, the chip is machined by up-milling
Z 2 process. Whereas, when the tool rotates from 90° to 0°
§ 0 clockwise, it is a down-milling process (shown in Fig. 9a).
E 20 The SDV4 plot captures the very important failure mode
2 . FX of the fiber. Compressive fiber failure takes place during
= A the first 90° of tool rotation after the tool engagement,
S o (WA Y which is ensured by the value — 0.875. Tensile fiber failure
80 . . o . S
0 45 90 135 180 225 270 315 360 is observed during the next 90° of tool rotation, which is

Tool rotation angle

Fig. 5 Cutting force profile vs tool rotation angle

obtained from FE results shows the maximum value of
0.9989 which means that the working stress in the fiber has
reached 99.89% of its ultimate strength.

SDV4 plot shows whether the material undergoes
compressive/tensile failure. During the tool rotation from

Fig. 6 Feed rate and cutting

also visualised from the SDV4 plot (shown in Fig. 9b).
4.4 Chip formation process in FEA

The chips obtained from the FE simulation results are tiny
and curled. The chip curls along the rake face of the end
mill cutter and it breaks due to the lack of ductility of the
GFRP material, which is the main reason for getting curled
chips [7, 9, 10], as shown in Fig. 10.

speed vs max cutting force (Fy)

10.99 18.84

Max. Cutting Force, Fx
(N)

28.26

50

m EXPT
® FEA

53.38 10.99 18.84

28.26
150

53.38

Feed rate, F (mm/min) & Cutting Speed, V¢ (m/min)
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Fig. 7 Feed rate and cutting

speed vs max cutting force (Fy)

18.84

10.99

Max. Cutting Force, Fy
™)
s

50

28.26

B EXPT

53.38 10.99 18.84 ® FEA

28.26 53.38

150

Feed rate, F (mm/min) & Cutting Speed, V¢ (m/min)

5,512
(Avg: 75%)
+1.7460+08

Max: +1.7468+08
Elem: WORKP]

Plicit 6.14-2 Sun Sep 10f

Max shear stress (S12) of 174.6 MPA.
(a)

s, 513
(Avg: 75%)
+4.74%e+07

Max shear stress (S13) of 47.49 MPA.
(b)

Fig. 8 a Shear stress plot (S12); b) shear stress plot (S13) from FEA results

Moreover, the chip obtained from FE simulation and
from experimental results is in good agreement (shown in
Figs. 10, 11, 12, 13). This is evident that the developed FE
model is also good in predicting the chip characteristics
very effectively.

4.5 Chip characteristics

It is very important to investigate the chip formation, chip
characteristics to understand the machinability, and the
possibilities of machining defects in the GFRP laminate.
The chip characteristics mainly depend on the cutting
speed and feed rate. Hence, the influence of the cutting
parameters on chip morphology must be studied to
machine defect—free slots and to understand the slot
milling process effectively. The chips obtained from the
experimental tests are white in colour.

Figure 11 reveals that the failure of the laminate is
mainly due to delamination and fiber pullout is also more,
which is observed at the lower feed rate of 50 mm/min and
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spindle speeds, N < 1000 rpm. At lower cutting speed, the
epoxy matrix produces chips comparatively larger in size.

At higher spindle speeds, N > 1000 rpm and 150 mm/
min feed rate, the delamination and fiber pullout is com-
paratively minimum and the chip tends to curl along the
rake face of the tool. The smaller segmented chips are
obtained in this case due to the development of higher
strain rate in the epoxy matrix.

However, due to the lack of ductility in GFRP com-
posites [7, 9], the chip does not deform further, which
results in discontinuous and tiny curled chips with fiber
pull-out, as shown in Fig. 12. The chip photographs make
us to understand that the chip formation is mainly due to
shearing action of the tool and the chip is released due to
the bending and buckling of fiber and matrix. Plastic
deformation is not observed for any of the machining
conditions [9].

Figures 12, 13 shows the magnified image (20x) of the
chips obtained from experimental and FEA results,
respectively, at the machining conditions V. = 10.99 m/
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Max: +1.0002400
Elom: WORKPIECE-1.2026
Node: 3240

Fibre orientation angle 8=0°

Status Var: ST

¥ Factor: +1.0008+00

o

Matrix Failure Status (SDV2)

— (SDV1)

¢ = 180° ¢ =0°
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Max: +2.0000+00
Elem: WORKPIECE-1.2026
Node: 3239

Laminate Failure Status
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Fiber Failure Status (SDV3) Frn
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Compressive Fiber Failure —_|

VA
QY

Tensile Fiber Failure ——

Sun Sep 10

r: +1.000400

(b)

Fig. 9 a Milling process with respect to fiber orientation. b State-dependent variables (SDV) plots

min, N =350 rpm, feed rate = 150 mm/min. The chips  sheared pieces with fiber and matrix, etc. Comparing
obtained for these machining conditions are not definite ~ Figs. 12 and 13, it is found that the chips obtained from
[7, 9]. The chips obtained are of different shapes like, tiny =~ experiment and FE results are similar in shape and size
curled, flakes, delaminated stripped pieces with fibers,  (curled chips and delaminated strips). This is evident that
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Fig. 10 Chip formation process in FEA simulation

Feed rate/
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Fig. 12 Experimental chip characteristics at N = 1700 rpm and at the feed rate: a 50 mm/min and b 150 mm/min
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Fig. 13 Image of the milled
chip (chip images from FEA
results) at V., = 10.99 m/min, 8
N =350 rpm, and feed
rate = 150 mm/min

the FE model is capable of simulating and predicting the
chip characteristics very effectively.

4.6 Microstructure of the chips

The scanning electron microscopy (SEM) technique was
used to analyze the chip characteristics and microscopic
study of the chips for the different machining parameters.
SEM images of chips were taken on JEOL make Scanning
Electron Microscope Equipment (JSM-6610LV).

It is mandatory for the SEM specimens to be conductive,
but the GFRP composite is a non-conductive material, and
hence, the SEM specimens were prepared by coating the
milled chips with platinum, using JFC—1600 Auto fine
coater machine, as shown in Fig. 14.

SEM images of the milled GFRP chips are shown in
Figs. 15, 16, and 17. The chip microstructure images
obtained from SEM reveals, the GFRP laminate undergoes
different modes of failures, such as fiber pullout, fiber
fracture, matrix cracking, plastic deformation of matrix and
delamination, loosening of matrix due to the increase in

(b)

Curled Chip

Delaminated Strip — |

stress, shearing of fiber, and debonding of fiber and matrix
during the slot milling process [7, 18]. The SEM images of
the milled chips are also in accordance with the literature
[7, 18].

The SEM photographs of the milled chips shown in
Figs. 15, 17 disclose the way which the glass fiber behaves
during milling process. The glass fiber produce chips with
partial bending and cracking which results in fiber pullout
which is predominant. Since glass is an amorphous mate-
rial the fracture of the fiber is smooth and brittle in nature

[7].

5 Conclusions

The 3D FE model is developed to simulate the slot milling
process in a GFRP laminate. The FEM results are corre-
lated with experimental results and they are found to be in
good agreement. The outcome of this research work is the
validated 3D FE Model which not only simulates the slot
milling process, but also predicts the chip formation, chip

Fig. 14 a Coating machine, b SEM sample preparation, and ¢ SEM equipment with data acquisition

Debonded Fiber

Debonded Fiber

Debonded Fiber

Fig. 15 SEM micrographs of chips from slot milling of UD—GFRP laminate for different machining parameters
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Fig. 16 SEM micrographs of
slot milled chip with various
modes of failure

SEI  15kV WD12mm  SS
Annamalai University MFG

Debonded fibers

Sharp brittle fracture of fiber

Delamination due to shearing

)(jDO 100pm —
- 24 Feb 2017

Loosened debris of matrix

Matrix cracking

Debonding & Fibre pullouts shear Failure of fiber

Fig. 17 Close-up images of fractured glass fibers for different machining parameters (refer Table 2)

characteristics, stress, cutting forces, and the possibilities
of various modes of laminate failure. Moreover, this FE
Model predicts the influences of the cutting parameter
settings on milling process and it also reduces/cuts the cost
involved in experimentation and testing. Numerous trial
simulations can be carried out with the help of this 3D FE
model with different cutting parameters which helps the
industries to select a suitable cutting parameter setting.

e The cutting force results predicted by the FE model are
correlated with the experimental results. The variation
amongst them ranged between 10 and 15% only.
Therefore, it is evident that the developed FE model is
quite efficient to predict the cutting force signals.

e The stress plot obtained from the FE reports shows the
shear stress (S12) during the material removal is around
175 MPa, which is higher than the ultimate shear
strength of the material. This facilitates the shearing
action during the metal cutting, chip formation, and
removal process.

e The feed rate and spindle speed influences chip
formation for the slot milling operation. Moreover,
due to the lack of ductility in GFRP composites, the
chip deforms only a little, which results in discontin-
uous and tiny curled chips. At lower cutting speeds,
delamination and fiber pullout are predominant. The
chips obtained from FE simulation result are found to
be similar in shape to the experimental results.

@ Springer

e The chip morphological studies reveal the different
modes of laminate failures such as matrix cracking,
loosening of matrix due to the increase in stress,
shearing of fiber, debonding of fiber and matrix, and
fiber pullout.

e The different state-dependent variables (SDVs) plots
from FE results reveal the failure status and the factor
of safety of the fiber and matrix.
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