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3D Finite Element Analysis in Drilling of AA7075 Reinforced  
with Nano Silicon Carbide Particles

The Aluminium alloy 7075 (AA7075) reinforced with nano Silicon Carbide particles (nSiCp) has attractive applications 
in aerospace, automobile, aircraft, turbine blades and electronics substrates because of its excellent properties such as strength, stiff-
ness, corrosion resistance, wear properties and strength to weight ratio. These modern-day industries use conventional operations 
like drilling, milling to get the required shape and size in order to ease the assembly process. Whereas, the dimensional accuracy 
of the drilled hole without any defect is vital to ensure the strength of the joint. However, drilling the aluminium nanocomposite 
is quite challenging due to its heterogenic properties, which requires sufficient knowledge of selecting the appropriate machining 
parameter setting and high-end strategies to achieve good surface finish, superior hole quality and dimensional accuracy. However, 
the drilling process is mainly influenced by the quality of the machine, drill tool geometry, tool material, cutting velocity and feed 
rate. This research aims to investigate the machinability of the fabricated aluminium nanocomposite by conducting experimental 
drilling tests. In addition, a 3D Finite Element Model (3D FEM) was developed to simulate the drilling process for understand-
ing the influence of machining parameters on critical thrust forces, chip formation, chip morphology, stress and hole quality. The 
experimental results agreed well with the 3D FEM simulation results in the correlation study, which ensures the accuracy and 
reliability of the developed 3D FEM. The study also recommends to use low feed rate and higher cutting velocity for reducing the 
critical thrust force during drilling. 
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1. Introduction

Aluminium nanocomposite has found wide-ranging appli-
cations as functional and structural materials due to its superior 
properties, which increases the demand for it in the automobile, 
aerospace and aircraft industries. The aircraft components such 
as aircraft fittings, fuselage for military aircraft, aircraft wings, 
mould tools, fuse parts, nozzles and flow valves, missile parts, 
shafts, worm gears, bike frames, wheel sprockets and brake discs 
are manufactured with AA7075. This creates the attention and 
necessity for the researchers to perform an investigation on the 
machinability of aluminium nanocomposite [1-3]. It has been ex-
pected that the average usage of aluminium material in a car will 
extend to 25% by the year 2025, the 1970s to today it is 15.2% 
compared to 3.5% before the 1970s [4]. The aluminium nano-
composite is categorized under aluminium-based Metal Matrix 
Composites (MMC’s) which possess better toughness, ductility, 
high stiffness, good tensile strength and higher fracture toughness 
even at different operating conditions. The aluminium nanocom-

posites are made by incorporating nano-sized SiC particles (<100 
nm) inside the matrix of AA7075 as reinforcement to enhance 
the mechanical behaviour of AA7075. 

In aerospace, automotive, and other modern industries, 
drilling is the most challenging machining process, because 
a large number of holes are required for riveting and for making 
assembly joints of the structural parts. For example, the Airbus 
A300 and Boeing 747 need about 1 million and 3 million holes 
respectively [5]. However, the quality of the holes drilled is very 
much important for guaranteeing the strength of the assembled 
joint. The aluminium nanocomposite is nonhomogeneous and 
harder to drill due to the reinforcement material. Hence, the 
choice of appropriate drilling parameters and good machining 
strategies are required to ensure the quality of the drilled hole and 
its reliability [6-8]. The most challenging problems encountered 
during the machining of MMC’s are burr formation, poor surface 
finish, errors in circularity, stress concentration, dimensional 
inaccuracy, tool wear and chip built-up edge. Therefore, signifi-
cant investigations and research are mandatory which is carried 
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out to evaluate the influence of parameters such as tool coating 
material, cutting parameters, tool vibration and tool geometry 
[9]. Hence, ensuring the dimensional accuracy and reliability 
of the components machined can be achieved only by mini-
mizing the drilling-induced damages stated above [10]. These 
requirements encourage the researchers to do an investigation 
on drilling of aluminium-based MMC’s [11]. Machining a hole 
with extreme quality is vital to avoid crack initiation in the air-
frame structure, which could lead to more part rejection at the 
assembly stage. Moreover, this increases the production time 
and product cost [12].

To overcome these machining complications, experimental 
studies are required, but it is time-consuming and costly; par-
ticularly for investigating a wider machinability metric (i.e. with 
various combinations of machineries, material, drill geometry, 
tool coatings and machining conditions) [13,14]. In addition 
to this, the accuracy and reliability of the experimental results 
predominantly rely on the utilised machine quality and the testing 
equipment during experimental machining. Hence, the research-
ers and industries wish to use 3D Finite Element Method (3D 
FEM) for investigating the machining of conventional materials 
and composites. Using 3D FEM the complex drilling process is 
simulated in 3D to visualize and understand the drilling process 
and chip creation. 

Giasin et al. [15] performed an investigation on evaluat-
ing thrust forces, hole dimensional accuracy and quality using 
experimental and FEM in the drilling of AA2024. The results 
reveal that the drilling parameters have a major influence on the 
thrust force and quality of the drilled hole. Muhammad Aamir 
et al. [11] reviewed and documented the investigations carried 
out in recent times on the drilling of quality holes in aluminium 
alloys for aerospace applications. Drilling operation is suggested 
with a higher cutting speed and lower feed rate to minimize the 
thrust forces. Moreover, the usage of a Drill bit with helix angle 
30° and higher point angle 130° to 140° is preferred to minimize 
the machining defects and thereby enhance the quality of the 
component machined. Nafiz Yaşar [16] used FEM to simulate 
the drilling operation in AA7075 material and reported the in-
fluence of cutting velocity and feed rate on the generated thrust 
force. The author also reported that thrust forces increase while 
drilling with a higher feed rate. AA7075/SiCp composites are 
utilised by the current modern-day industries because of their 
high tensile strength and wear resistance. SiC-reinforced metal 
matrix composites are preferred since it is having very good 
refractoriness and high abrasion resistance. The improvement 
of tensile strength was observed by adding SiC particles as 
reinforcement while casting the material [17].

Sajad Rasaee et al. [18] predicted the flow stress by using 
the basic and modified JC constitutive equations and evaluated 
the ability as well as reliability of FE models. Moreover, cor-
relation studies with the experimental results are also carried 
out. Paresh Kumar et al. evaluated the mechanical properties 
and the surface roughness by drilling of Al7075 reinforced 
with SiC. The investigation also reveals that the lower feed 
rate gives a better surface finish in drilling the composite [19]. 

Senthil Babu et al. [20] performed parametric analysis on 
drilling of aluminium-based composite reinforced with SiC 
and WC. The author suggested performing with feed rate = 
0.05 mm/rev, N = 1000 rpm and drill tool point angle =128° 
to minimize the thrust force-induced damages and to enhance 
the quality of the holes drilled. The thrust forces rise consider-
ably while increasing the feed rate. Samadhan Deshmukh et al. 
[21] reviewed on machinability of aluminium-based MMC’s to 
understand the extent of research and scope for future research 
on cutting tool technology. The authors also explain the need to 
explore on implementation of FEM, in predicting the mechani-
cal properties and response of MMC’s while machining. The 
heterogeneity due to the reinforcement of SiC particles makes 
the machinability of the MMC’s difficult and causes extensive 
tool wear. Hence, applications of aluminium-based MMC’s 
are extensively hindered due to the difficulties associated with 
producing defect-free components with higher tolerance and 
surface finish [22].

The computational techniques used to simulate machin-
ing processes are Discrete Element Method (DEM), Smoothed 
Particle Hydrodynamics (SPH), Particle Finite Element Method 
(PFEM), Material Point Method (MPM) and Finite Element 
Method (FEM/FEA). The DEM technique is basically used to 
analyze the behaviour of granular, rock materials under load 
conditions. It is also used by the pharmaceutical and chemical 
industries to understand the behaviour of chemicals at the mi-
croscopic level. PFEM and SPH techniques are used for solving 
melting problems with phase change and larger deformation 
problems and these are alternate for FEA under certain situa-
tions. MPM technique is mainly used to analyse geotechnical 
problems which is effective for characterizing soil and structure 
interaction. 

Yong He et al. investigated the suitability of DEM in pre-
dicting the cutting forces and chip morphology while perform-
ing orthogonal cutting in ductile iron [23] and the investigation 
suggests DEM to model heterogeneous materials. Geng et al. 
simulated the orthogonal cutting process using the Smoothed 
Particle Hydrodynamics (SPH) technique and reported that 
chip morphology is reasonable since it is a meshless method 
[24]. Carbonell et al. modelling 2D and 3D models to simulate 
the orthogonal machining process and reported that PFEM is 
good in providing good results in predicting the chip thick-
ness, cutting forces and feed forces [25]. John investigated the 
capability of the MPM technique in simulating the orthogonal 
cutting process and suggested to refining the MPM to get good 
results [26]. Although the above techniques are available, they 
are not common in practice as it has limitations in modelling 
cutting problems.

The author of this research work Prakash C et al. [27-30] 
have presented a recent work focusing on 3D FEA (Finite 
Element Analysis) in drilling and slot milling of Glass Fiber 
Reinforced Polymer (GFRP), Carbon Fiber Reinforced Polymer 
(CFRP) composites to investigate the cutting forces, the process 
of chip formation and segregation, stress and chip morphology. 
This developed 3D FEM is a novel, fully-realistic numerical tool 
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which simulates the drilling process and assists the researchers in 
selecting appropriate process parameters to drill the composites. 
Prakash J et al. [31, 32] the co-author of this research article 
fabricated aluminium (AA7075) nanocomposite with various 
compositions and carried out mechanical characterization of 
the MMC’s and also performed experimental micro drilling in 
the composite. The mechanical characterization studies reveal 
that AA7075 with 1.5% nSiCp composition possesses intrinsic 
and enhanced mechanical properties which suit wider applica-
tions, particularly in the automobile and aerospace industries. 
Our current research extends and suggests the usage of FRP 
and MMC composites in producing and replacing conventional 
metals with the light-weight composites for specific applications 
such as brake discs which also involve drilling, slot milling and 
end milling operations [33]. Currently, we are also investigating 
and evaluating the possibilities of replacing steel/cast iron chain 
sprockets with MMC/FRP composite.

From the literature and the author’s earlier investigations, 
even though few 3D FEM-based machining simulation studies 
have been reported on drilling and milling [34] particularly in 
FRP’s and MMC’s the chip morphology-related studies were 
very limited in MMC’s reinforced with nanoparticles. Further-
more, a clear understanding of the influence of machining pa-
rameters on critical cutting force, chip formation and segregation 
phenomenon, chip morphology and machining-induced damages 
are very much required to improve the performance of drilling. 
Moreover, there are no correlation studies on chip failure and 
chip morphology from an experiment Vs machining simulation 
using FEA [33,34]. 

The literature review also discloses that 3D FEM is not 
yet effectively developed to simulate the drilling operation 
for investigating the above details, particularly in MMC’s. 
However, 3D FEM-based drilling simulation studies require 
an enormous amount of computation resources and excellent 
knowledge of good 3D modelling and machining mechanics; 
as the modern tools are highly complex in their geometry. In 
addition, the selection of suitable cutting velocity and feed for 
drilling the MMC influences the quality of the components 
machined. Hence, utmost care is needed in selecting the process 
parameters, which requires numerous experimental drilling trials 
for selecting the appropriate process parameters, which is more 
arduous. This necessitates developing 3D FEM for predicting 
appropriate cutting velocity and feed for making defect-free com- 
ponents.

Therefore, this research work devotes to developing a 3D 
FEM which is an excellent numerical tool for simulating and 
visualizing the drilling operation of AA7075 + 1.5% nSiCp Metal 
Matrix Composite (MMC). This drilling simulation study using 
experimental and 3D FEM methods exhibits and provides insight 
into the distinctiveness of the fabricated MMC and its deforma-
tion behaviour while drilling. The chip morphological studies 
provide vital evidence related to the deformation behaviour of 
the MMC during drilling, which also helps in understanding the 
failure behaviour of the MMC. The critical thrust force data is 
captured while performing experimental drilling and machining 

simulation assists in making components with a higher degree 
of accuracy.

This research work also emphasizes the need and impor-
tance of 3D FEM in simulating the metal cutting and separation 
processes in drilling and for endorsing its advantages to research-
ers and industries. This 3D FEM drilling simulation analysis 
assists in selecting optimum machining parameter settings for 
evading the drilling-induced damages and eases in ensuring of 
manufacturing good quality components/products. The precision 
and the consistency of the 3D FEM drilling simulation results 
observed from this research work create curiosity for the authors 
for planning further to investigate machining the Fiber Rein-
forced Polymer (FRP), MMC’s using tools with new geometry. 

2. Methodology 

In the current research work, AA7075 + 1.5% nSiCp 
MMC is fabricated and drilling experiments were carried out 
to investigate its machinability for proving the suitability of the 
composite for industrial applications. In addition, 3D FEM-based 
analysis is carried out and the drilling process is simulated. The 
outcome of this investigation reports the critical thrust force, chip 
morphology of the drilled chip, stress developed during drilling, 
chip formation and chip separation. The experimental and 3D 
FEM results were correlated for validating the accuracy of the 
FEM, which creates a pathway to select appropriate machining 
parameter settings for drilling the MMC to achieve defect-free 
components.

2.1. Workpiece material for drilling study

The MMC (AA7075 + 1.5% nSiCp) preferred for this re-
search is fabricated by reinforcing with nano-sized (45-65 nm) 
SiC particles into AA7075 aluminium alloy matrix. The AA7075 
matrix material shows good mechanical properties such as light-
weight, high strength, good surface finish and better thermal 
stability. Similarly, the reinforcement material nSiCp also owns 
good mechanical properties such as high resistance to wear, low 
coefficient of thermal expansion, good thermal conductivity and 
high-temperature resistance. Hence, SiC-reinforced alloys and 
metals are mostly preferred in making nozzles and flow valves. 
Therefore, nSiCp is used as the reinforcement material in our 
research work for fabricating aluminium nanocomposite. 

The Ultrasonic cavitation with stir-casting setup used for 
the fabrication of the composite is shown in Fig. 1. Using this 
setup the aluminium nanocomposite is fabricated in five different 
AA7075 + nSiCp compositions (nSiCp ranging from 0 to 2.5%). 
Furthermore, mechanical characterization studies were carried 
out and it is observed that out of five different compositions, 
the mechanical properties of aluminium nanocomposite with 
985 grams of AA7075 + 15 grams of nSiCp (1.5% by weight) 
is excellent comparatively. Hence, based on the literature review 
and the earlier investigations [31] by the co-author, the composi-
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tion (AA7075 + 1.5% nSiCp) is preferred for this research work. 
This fabricated light-weight MMC is a very good alternative for 
steel. The former research by the co-author reveals the enhance-
ment of the mechanical properties of AA7075 with 1.5% nSiCp. 
The mechanical properties of the fabricated nanocomposite such 
as tensile strength, hardness, impact strength, corrosion resist-
ance and wear resistance are excellent [31]. TABLE 1 shows the 
composition of the fabricated aluminium nanocomposite used 
for drilling experimentation. Field Emission Scanning Electron 
Microscope (FESEM) image reveals the distribution of nSiCp 
in the preferred composition of aluminium nanocomposite in 
Fig. 2 [31].

2.2. Experimental setup and methods

The experimental drilling was completed in BMV 51 TC24 
CNC vertical machining centre which has the capacity of 11 
KW power and a maximum tool rotation speed of 6000 rpm. 
Fig. 3 displays the experimental setup which consists of the 
CNC vertical machining centre, drill tool, workpiece material 
and the tool dynamometer with data acquisition system. The 
TiAlN-coated solid carbide drill bit (shown in Fig. 3a) with 
the specifications given in TABLE 2 is used for experimental 
investigation. The selection of a drill bit with a helix angle 30° 
and a higher point angle of 130° to 140° is preferred for drill-
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Fig. 3. Drilling Experiment setup

Fig. 1. Ultrasonic cavitation with stir-casting setup [31] Fig. 2. FESEM micrograph of the composite [31]



587

ing experimentation (particularly for composites) based on the 
previous research carried out by the authors and the literature 
review [11,20,27]. The drilling experiments were conducted at 
room temperature for different cutting velocities and feed rates 
as per the Experimental plan given in TABLE 3. The drilling 
parameters are selected with different combinations of spindle 
speed (N) ranging from 500 rpm to 3000 rpm and feed rate (f) 
ranging from 5 to 20 mm/min. The selection of machining pa-
rameter values is formulated based on the information obtained 
from the trial experiments and the literature review. 

The chip morphology studies are carried out to evaluate the 
failure behaviour and machinability of the fabricated MMC. The 
higher cutting velocity with a lower feed can be preferred for 
experimental drilling to minimize the thrust forces and torque 
[11]. However, a low and moderate range of process parameters is 

selected for the drilling experiments in the current research, only 
at which the chips collected are good to categorize for performing 
morphological studies and to investigate further [27,28]. Thrust 
forces are recorded using a SYSCON – strain gauge-based tool 
dynamometer and its lab view-based Data-Acquisition system 
which is presented in Fig. 3(d). The thrust force data is captured 
in the form of peak value analytically and also in the form of 
a graph (Thrust force Vs. Time) during the drilling operation. 
The temperature while performing the experimental drilling is 
captured at the cutting zone region and it is minimal in the range 
of 125° to 200°C. The drill tool temperature was monitored 
continuously with a noncontact type infrared temperature sen-
sor as the current investigation is carried out in dry conditions 
without coolant.

TABLE 1

Composition of aluminium nanocomposite – AA7075 + 1.5% nSiCp (percentage by weight) [27,28]

Cr Mg Zn Cu Si Mn Ti Fe SiC Al
0.2 2.4 5.7 2.0 0.3 0.1 0.1 0.22 1.5 Bal

TABLE 2

Properties and Geometric details of carbide twist drill [28]

Specifications / Description Value(s) / Details Specifications / Description Value(s) / Details
Product Name Twist drill Coating material TiAlN

Type of the Shank Plain Thickness of Coating (Microns) 2 to 4
Diameter of the tool (mm) 10 Max. Working Temperature (°C) 950

Total tool length (mm) 62 Colour of Coating Material Reddish – violet – black
Length of the Shank (mm) 32 Hardness of the Drill (Hv) 3300
Length of the Flute (mm) 30 Density (kg/m3) 11,500

Diameter of the Shank (mm) 10 Helix angle of the drill tool (°) 30
Drill Tool Material Solid Carbide Point angle of the drill tool (°) 130

Type High-performance drill Chisel edge radius (mm) 0.7
Number of flutes 02 Chisel edge angle of the drill tool (°) 135

Dimension style of the Drill Metric Lip relief angle of the drill tool (°) 12

TABLE 3

Experimental parameters in drilling of aluminium nanocomposite [11]

Drilling parameters Value(s)
Spindle speeds, N (rpm) 250, 500, 1000, 1500, 2000, 3000

Cutting Velocity, Vc (m/min) 7.85, 15.7, 31.4, 47.1, 62.8, 94.2
Cutting Feed rate, f (mm/min) 5, 10, 20

TABLE 4

Mechanical properties of aluminium nanocomposite [19,31]

Specifications Value (s) Specifications Value (s)
Modulus of Elasticity (GPa) 71 Tensile Strength (MPa) 285.64

Poisson’s ratio 0.27 Yield Strength (MPa) 251
Thermal Expansion Coefficient, (1/K) 23.6 E-6 Ultimate Strength (MPa) 260.56

Thermal Conductivity (W/mK) 180 Shear Strength (MPa) 150.53
Specific heat (J/kg K) 880 Density of the composite (kg/m3) 2790
Micro hardness (Hv) 136.4 Impact Strength (J) 14.2

Melting Temperature (K) 896 Corrosion rate (mm/year) 0.473
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2.3. Finite element analysis

2.3.1. FEA Methodology 

In the current work, the 3D Finite Element Model was 
developed in ABAQUS/Explicit to simulate and investigate 
the drilling process in the aluminium nanocomposite [36]. 
ABAQUS/Explicit can effectively handle the extreme nonlinear 
behaviour without any runtime termination of the FE solver, 
which facilitates much in performing machining simulations. 
3D FE simulation trials are performed for different machining 
parameters to predict the maximum thrust force, chip formation 
and separation and chip morphology. The input details for the 
3D FEM are given in TABLE. 5 are incorporated to discretize 
the geometric model and to characterize the material behaviour 
of the tool and workpiece.

2.3.2. 3D FEM of MMC and Drill tool

The three-dimensional model of the twist drill is created 
with two flutes in CATIA V5 using the part module [37] (as 
shown in Fig. 4) and the tool nomenclature is given in TABLE 2. 
The workpiece model is created (as shown in Fig. 5) consider-
ing the mechanical properties of the aluminium nanocomposite 
which is given in TABLES 4, 6, 7. The twist drill is discretized 
with 11807 elements of C3D10M tetrahedron elements as it is 

an appropriate element to discretize complex geometry with 
sharper edges and curvatures (as shown in Figs. 4, 5) with a good 
aspect ratio. The twist drill is considered as a rigid body in this 
investigation and it is assumed in such a way that it does not 
deform or wear. Assuming the drill tool has a rigid body is a com-

TABLE 5
3D Finite Element Model data

Workpiece material Aluminium nanocomposite
Tool material Solid Carbide Twist Drill 

Dimensions of the composite in FE Model 15 × 15 × 10 mm
Workpiece element type C3D8R

No. of elements in composite 90,000
No. of nodes in composite 97,061

Average element size in composite 0.25 mm
Drill tool element type C3D10M

No. of elements in drill tool 11,807
No. of nodes in drill tool 18,402

Average element size in drill tool 1 mm
Total number of elements & nodes in 3D FEM 1,01,807 & 1,15,463

Coefficient of Friction & type 0.5 & Coulomb Friction
Failure criteria Johnson Cook Model

TABLE 6
Material constants for Johnson – Cook constitutive model of aluminium nanocomposite

A
(MPa)

B
(MPa) n m C Reference Temperature

T (K)
Melting Temperature, T 

(K) Damage Initiation

251 1443 0.749 1.571 0.0166 305 896 0.001

TABLE 7
Johnson – Cook damage parameters for aluminium nanocomposite

d1 d2 d3 d4 d5

–0.77 1.45 –0.47 0 1.60

Fig. 4. Three dimensional model of the solid carbide twist drill 
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Fig. 5. Three dimensional Finite Element Model of drilling the alu-
minium nanocomposite
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mon practice in most of the earlier studies significantly reduces 
the computational resources. The aluminium nanocomposite 
is meshed with 90,000 C3D8R eight-noded brick elements as it 
suits best for the regular geometry (Block shaped – as shown in 
Fig. 5). The mesh optimization studies are performed to optimise 
the running time of the FE solver without compromising the 
accuracy of the results.

2.3.2. Assumptions in developing 3D FEM

•	 The created 3D FEM is an Equivalent Homogeneous Model 
(EHM).

•	 The twist drill is considered a rigid body.
•	 The wear of the twist drill is not taken into account.
•	 The 3D FEM of the nanocomposite is a scaled model.
•	 Temperature effects were not considered in the current 

investigation, which is our future scope of study.

2.3.3. Load and Boundary conditions

The boundary conditions are defined realistically on all side 
faces of the MMC and constrained for all Degrees of Freedom 
(DoF’s) (Encastre: U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). 
The twist drill is constrained for all DoF’s in X and Y, allowed 
to move along Z direction and can rotate with respect to Z axis 
(U1 = U2 = UR1 = UR2 = 0). In addition, translation motion 
(feed rate) and rotational velocity (Spindle speed) are applied 
to the reference point, RP (shown in Fig. 2). The feed rate and 
cutting velocity are given as FE inputs (machining parameters 
given in TABLE 3) [27,30]. Using the trial simulation study 
we have tested with larger specimen sizes too (Farther edges 
constrained model) and the correlation of results doesn’t show 
much difference in thrust forces. This ensures that, scaled 3D 
FEM is reliable in predicting the results.

2.3.4. Failure and Damage model for the composite

The Johnson cook (J-C) failure criteria are used for our 
3D Finite Element Analysis (3D FEA) as it is a proven failure 
model in simulating the machining processes of conventional 
metals and MMC’s [33,35]. The Johnson’s cook failure model 
for the aluminium nanocomposite was incorporated which is 
available in the material model of the ABAQUS software. The 
J-C parameters given in Table 6 characterize the mechanical 
behaviour of the MMC. The J-C failure criteria are represented 
by the following equation.
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In which, the constants A, B, C, n, m, T are listed in TABLE 3. 

The damage criteria are incorporated into the 3D FEM to 
initiate the chip formation and separation when the material 
reaches the criteria value (given in Table 7).

2.3.5. Tool – Workpiece interaction model

The contact and friction properties are incorporated into the 
3D FEM in the interaction module of the ABAQUS. The general 
contact algorithm in ABAQUS software is used to characterize 
the surface erosion (chip removal) in drilling the aluminium na-
nocomposite. The surface-to-surface contact algorithm with nor-
mal behaviour and hard contact concepts was used. The coulomb 
friction concept with a coefficient of friction of 0.5 [33] is used to 
depict the friction properties at the tool-workpiece interface.

 τn = μσn	 (2)

2.3.6. Solution & Post processing

The created 3D FEM is solved with the FE solver in 
ABAQUS/Explicit. The running time of the FE Analysis depends 
on the total time step and no of steps defined in the analysis. Once 
the problem is solved, the FE solver saves the results in the form 
of filename.odb format which consists of all the predicted output 
such as cutting forces, chip formation, stress, strain etc. The odb 
file can be opened in ABAQUS viewer module for visualising 
the simulated results in the form of video and graphical im-
ages. The results were compiled in the required format and presented.

3. Results and discussion

3.1. Thrust force

The thrust force is generated in the feed direction (Fz) of 
the twist drill while drilling. The magnitude of this thrust force 
mainly depends on the hole diameter, strength properties of the 
workpiece, geometry of the twist drill, machining environmental 
conditions, feed rate and spindle speed etc. This critical force 
extremely affects the chip formation, chip morphology which 
directly influences on accuracy of the machined components. 
Therefore, there is a need to perform investigation studies on 
the developed thrust forces while drilling the aluminium na-
nocomposite. Moreover, capturing the actual magnitude of the 
critical thrust force is challenging, which fully depends on the 
accuracy, repeatability and reliability of the utilised machines 
and testing equipment for performing the experimental studies. 
The FEA investigations and literature studies conclude that chip 
thickness, chip morphology and the chisel edge of the drill tool 
are the influencing factors for the generation of higher thrust 
force values in drilling the MMC’s [38]. 

Fig. 6(a)-(b) discloses how thrust force fluctuates and it 
is in a cyclic pattern, which is due to the reinforcements in the 
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composite laminate and other machining conditions. Fig. 6(a)-(b) 
also shows the captured thrust force signal while drilling the 
aluminium nanocomposite which discloses the four stages of 
the drilling process such as penetration of the tooltip, complete 
engagement of cutting lip with composite, tooltip exit and com-
plete exit of cutting lips. However, during the drilling stages 1 
and 3 the thrust forces detected are in increasing and decreasing 
trend respectively, because during these stages the drill tool will 
not completely engage with the workpiece. In stage 2 the thrust 

force (Fz) captured is maximum when compared to other stages 
and more fluctuation is observed as the drill tool engaged com-
pletely with the composite and also due to the coupled effect of 
reinforcement material. However, the observed minimal fluctua-
tion is because of the nSiCp reinforcement and heterogeneous 
properties of the nanocomposite. This maximum thrust force, 
Fz recorded is termed as the critical thrust force, above which the 
machining-induced damages will be predominant while drilling 
the aluminium nanocomposite.
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Figs. 6 and 7 display the magnitude of the thrust force 
acquired from experimental and 3D FE simulation results. This 
fluctuating thrust load is because of the interaction of the cutting 
edge with the nSiCp reinforcement and also due to the inhomo-
geneity property of the aluminium nanocomposite [39]. Fig. 7 
displays the correlation of the critical thrust force data obtained 
from drilling experiments and 3D FE simulation studies for the 
respective cutting velocity and feed rate. When the drilling is 
made with higher cutting velocity, the developed critical thrust 
forces are observed to be relatively minimal [40,41]. Hence, it is 
recommended to do the drilling process at a higher cutting veloc-
ity or lower feed per tooth to minimize the drilling-induced dam-
ages because of the thrust force. The experimental critical thrust 
force results agreed excellently with the results captured from 
the 3D FEM drilling simulation. Fig. 7 also shows very minimal 
deviation of 5 to 10% in the numerical and experimental data.

3.2. Stress

Shear stress plays a vital role in the chip formation phe-
nomenon while drilling MMC. While drilling, the chip is cre-

(a) Shear stress, S12 – 277 MPa	 (b) Shear stress, S13 – 213 MPa

(c) Shear stress, S23 – 284 MPa	 (d) von Misses stress, S – 578 MPa

Fig. 8. Stress plot from 3D FEA results at N = 1500 rpm, Feed rate = 5 mm/min

TABLE 8

Critical thrust force data for different combinations of cutting  
velocity and feed rate.

Feed rate,  
f (mm/min)

Cutting Velocity,  
Vc (m/min)

Critical Thrust force (Fz)
Expt. (N) FEA (N)

5

7.85 422 431
15.7 284 289
31.4 216 218
47.1 196 192
62.8 167 169
94.2 128 135

10

7.85 628 615
15.7 422 415
31.4 194 288
47.1 235 242
62.8 186 195
94.2 167 173

20

7.85 716 701
15.7 549 536
31.4 412 402
47.1 304 296
62.8 265 254
94.2 196 188
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ated due to the shearing action of the tool cutting edge with the 
MMC. The 3D FEM simulation result reveals the influences of 
shear stress on the chip creation process, chip morphology and 
the failure mode of the MMC. This necessitates to investigate 
on stress development during MMC drilling. From the 3D FE 
simulation results it is revealed that the shear stress S23 obtained 
is 284 MPa (shown in Fig. 8) which is comparatively more than 
the shear strength value given in TABLE 4 [42]. The von Misses 
stress, S observed is S = 578 MPa during the chip formation  
process.

3.3. Chip formation phenomenon in 3D FE simulation

Fig. 9(a)-(b) shows the images of the chip formation ob-
tained from the simulation of 3D FEM while drilling the alu-
minium nanocomposite. The shearing action of the tool cutting 

edge generates the chip which flows out through the spiral flute 
of the drill tool. Moreover, this phenomenon facilitates the forma-
tion of continuous spiral-shaped chips especially for a particular 
range of spindle speed (given in TABLE 1). Curling of the chip 
is observed because of the interaction of the chip with the rake 
surface of the drill tool [29]. The chip streams out of the MMC 
through the spiral flute, which is in the form of a lengthy curled 
spiral chip at a lower spindle speed <1000 rpm. The chip when 
comes into contact with the edges of the drill tool, hole edge and 
tool holder the chip breaking takes place. Fig. 10 shows how 
continuous spiral-shaped chips [43] are formed which are devel-
oped at lower spindle speed especially when the feed/rotation is 
>0.01 mm/rev (also shown in Fig. 11). When the selected spindle 
speed is >2000 rpm the chip formed is very tiny and segmented 
with lesser width. This information concludes that the size and 
shape of the drilled chips are very much affected by the cutting 
velocity and feed [44].

 
 

            Shearing action               Chip flows out through the flutes   Chips thrown in air 

       Continuous chip 

Fig. 9. (a) 3D FEA drilling simulation of chip formation at N = 1500 rpm, Feed rate = 5 mm/min

 
      Tiny segmented chips Chips thrown in air 

Fig. 9. (b) 3D FEA drilling simulation of chip formation at N = 3000 rpm, Feed rate = 5 mm/min

(b)(a)

Fig. 10. 3D chip generation process in drilling operation (a) initial formation of chip (b) formation of spiral shape [37]
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Using the step module in the ABAQUS software the 
workpiece model is discretized with the Arbitrary Lagrangian-
Eulerian (ALE) adaptive meshing concept. This technique of 
meshing is commonly used for larger deformation problems 
which shows more element distortion and entanglement. Simu-
lating the machining process is such a kind of problem which 
requires the ALE adaptive meshing technique to be incorporated 
into the workpiece model to avoid element distortion, material 
leaving away from the mesh, runtime errors and termination of 
the FE solver without solving the problem. The chip formation 
is initiated when the stiffness of the workpiece material degrades 
progressively with respect to the specified damage factors. The 
progressive damage criteria along with ALE adaptive mesh 
activates chip formation in a smoother way as shown in Fig. 9 
[36,45].

3.4. Chip characteristics study of the chips collected from 
drilling experiments

In drilling operations, the interaction of the drill tool and 
the composite laminate is a complex mechanism which is mainly 
because of the geometrical complexity of the drill tool. Hence, 
it is very difficult to visualize and understand the chip formation 
process. However, chip formation, chip morphology and chip 
flow phenomenon highly influence on dimensional accuracy 
and drilled hole quality [44-47]. This creates the necessity to 
investigate the effects of process parameters such as spindle 
speed and feed rate on chip formation and removal and thereby 
improve the efficiency of the machining process. Moreover lit-
erature also reveals that the chip morphological investigations 
are very limited to orthogonal cutting processes, whereas only 
very few research works are reported in oblique cutting processes 
such as drilling and milling which is very much required in the 
current trend.

The chips collected from the drilling experimental studies 
with 18 different combinations of spindle speeds and feeds (given 
in Table 3) are displayed in Fig.e 11. Fig. 11 also facilitates for 
making a detailed investigation on the influence of machining 
parameters over chip morphology. The images also reveal that 
the chip obtained from experimentation is of different thickness, 
width and length which is due to the effect of the selected com-
bination of cutting parameters. The chip morphological studies 
reveal that the thickness of the drilled chip decreases with the 
increase of the spindle speed. Whereas, the length of the chip 
increases with the increase of spindle speed particularly at the 
feed rate 20 mm/min. The width of the chip decreases with the 
increase of cutting speeds. The chips are very fragile in nature 
when the thickness is very minimal, which is mainly influenced 
by feed per rotation (mm/rot) of the drill tool.

Long continuous spiral-shaped chips are formed which are 
developed at lower spindle speeds <1000 rpm and especially 
when the feed/rotation is >0.01 mm/rev. The formation of saw 
tooth is observed in the outer edge of the spiral shaped chips. 
The pitch distance of the spiral shaped chip reduces when the 

feed rate increases, as shown in Fig. 11. At lower cutting speeds 
irrespective of feed rate, the thrust forces are higher. Moreover, 
the chip is mostly long continuous and spiral shaped with full 
width, this is the reason for elevated thrust forces, which are 
mainly required to curl the chip and form a continuous spiral 
shape. The chip thickness is also equally important for forma-
tion of long continuous spiral chip. Since, the chip thickness 
is comparatively higher when the spindle speed is low and at 
a feed rate ≥20 mm/min, this is the main reason for spiral chip 
formation and higher thrust force value.

Small continuous chips with lamella structure shown in 
Fig. 12(g) are collected while performing drilling at N = 1000 to 
2000 rpm, particularly for feed rate ≤10 mm/min. Small continu-
ous chips are obtained in this case since, the width of the chip 
obtained is lesser, on the other hand, the chip thickness obtained 
is more than enough to resist the breaking. The Figs. 11, 12(h) 
also reveals the formation of small curled chips when the spindle 
speed is >1500 rpm and the feed rate = 15 mm/min. This kind of 
chip morphology is observed when machining is done at moder-
ate cutting speed and feed, which influences more on chip forma-
tion mechanism. The drilled chip curls due to the interaction of 
chip with the rake surface of the twist drill [38, 39]. Formation of 
crack, sawtooth and voids are seen which tend to produce chips 
with smaller length and width. Tiny segmented chips (shown in 
Fig. 12(i)) like flakes with multiple cracks were collected when 
the drilling process was carried out with a feed rate of 5 mm/min 
and 3000 rpm spindle speed as shown in Fig. 11. This is due to 
the effect of higher cutting speed, lower chip width and thickness 
since feed per rotation is much lesser at higher cutting speed 
and lower feed. Therefore, the thickness of the chip obtained is 
extremely thin followed by the shearing action of the cutting edge 
which facilitates the chip-breaking process very easily resulting 
in the formation of segmented tiny chips.

From Fig. 11, we can observe a significant influence of 
cutting speed and also feed on chip characteristics. The pitch 
distance of the spiral-shaped chip reduces when the feed rate 
increases. Fig. 12 displays the magnified (5×) view of the 
chips obtained from drilling experiments. Figs. 12(a) and 12(b) 
shows the closer view of the chip at N = 250 rpm and at f = 5, 
10 mm/min. The lengthy spiral-shaped continuous chips with 
cracks and sawtooth at the inner edge are seen for this particular 
cutting condition. The flow of the chip through the flute region 
is easy, slow and steady due to the lower cutting speed. Hence 
the chip does not break easily and the pitch value of the spiral 
shape is 6 to 7 mm. which is more when compared to the spiral 
chips obtained from other cutting conditions (shown in Fig. 10). 
Fig. 12(c) reveals the magnified view of chip morphology at 
N = 250 rpm, f = 20 mm/min, for this particular cutting condi-
tion the chip obtained, is thick continuous spiral-shaped without 
lamella structure. However, the presence of sawtooth is seen 
in the outer and also inner edges of the spiral shape. The pitch 
distance of the spiral shape is around 5 to 6 mm. 

Fig. 12(d) shows the magnified view of the chip at 
N = 1000 rpm, f = 10 mm/min, for this particular machining 
condition the chip collected, is continuous and spiral-shaped with 
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Fig. 11. Chip morphology of aluminium nanocomposite while drilling with different machining parameter combinations
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Long continuous spiral shaped chip Cracks & Saw tooth Long continuous spiral shaped chip

(a) N = 250 rpm, f = 5 mm/min	 (b) N = 250 rpm, f = 10 mm/min

Saw tooth
Lamella structure

Continuous short thin spiral 
shaped chip spiral

Continuous thick 
shaped chip

(c) N = 250 rpm, f = 20 mm/min	 (d) N = 1000 rpm, f = 10 mm/min

Continuous thin 
distorted

Spiral shaped Spiral shaped chip with 
lesser width

Lamella structure with 
sawtooth & voids

(e) N = 1500 rpm, f = 20 mm/min	 (f) N = 3000 rpm, f = 20 mm/min	

Tiny segmented chips like flakes 
with multiple cracks

Continuous thin shaped chip 
with lamella structure

Short very thin shaped curled 
chip with cracks &voids

(g) N = 1500 rpm, f = 5 mm/min	 (h) N = 1500 rpm, f = 5 mm/min	 (i) N = 3000 rpm, f = 5 mm/min

Fig. 12. Experimental chip characteristics at different cutting Speeds and feeds
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a more lamella structure. From this, it is evident that continuous 
chips will not be developed for spindle speeds >1000 rpm. Since, 
the formation of lamella structure induces chip breaking if the 
thickness of the chip is lesser, which is also observed during 
experimentation as shown in Fig. 10. The chip image shown 
in Fig. 12(e) is captured at f = 20 mm/min and N = 1500 rpm. 
The irregular and distorted spiral-shaped chips are obtained as 
an effect of a comparatively higher feed rate and spindle speed 
combination. The chip thickness is also lesser when compared 
to Fig. 12(a)-(b). The pitch distance of the spiral shape reduces 
and is in the range of 4 to 5 mm. Fig. 12 (f) is captured for 
f = 20 mm/ min and N = 3000 rpm. The chip obtained is short con-
tinuous spiral-shaped and extremely thin with lamella structure. 

The chip obtained is very fragile since it is extremely thin and 
moreover, the presence of sawtooth and voids are also observed.

3.5. Chip Morphology – Experimental Vs FEA

Fig. 13 shows the images of the chips collected from the 
drilling experiments and from the 3D FE Model simulation 
outcomes. The chip images show excellent similarity in terms 
of chip characteristics. It also discloses the existence of cracks, 
lamella, voids and saw tooth. The chip images captured from 
3D FEM simulation outcomes agreed well with the experimental 
chip images which evidences the ability and reliability of the  

 

 

 

 

 

Fig. 13. Correlation of chips characteristics obtained from experimental results and 3D FEM simulation results. 
 

a) N = 250 rpm, f = 10 mm/min

 

 

 

 

 

 

Fig. 13. Correlation of chips characteristics obtained from experimental results and 3D FEM simulation results. 
 

b) N = 3000 rpm, f = 5 mm/min

 

 

 

 

 

 

Fig. 13. Correlation of chips characteristics obtained from experimental results and 3D FEM simulation results. 
 

c) N = 1000 rpm, f = 10 mm/min

Experimental chip	 FEM Simulated chip

Fig. 13. Correlation of chips characteristics obtained from experimental results and 3D FEM simulation results
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developed 3D FEM in forecasting the morphology of the chip 
in the drilling process.

3.6. Hole quality analysis

The experimental drilling is carried out with different 
cutting speeds and feed combinations listed in Fig. 11. The 
images of the drilled holes obtained from 3D FEM simulation 
results are shown in Fig. 14. Fig. 15 shows the drilled holes in 
the fabricated MMC from experimentation. The drilled surface 
of drilling experiment no. 1 (low feed = 5 mm/min and cutting 
speed = 250 rpm) shows more surface roughness, burrs and 
scratches, which is due to the influence of the selected process 
parameters. The reinforcement particle which is harder to break, 
slides over during cutting action and it also influences the surface 
roughness. The lower rate of chip formation in this case also 
influences the surface quality of the drilled hole. Whereas for 
the same feed rate of 5 mm/min and at cutting speed = 3000 rpm 
(Experiment no. 6), the surface quality of the drilled hole is 
relatively better.

At feed rate = 20 mm/min and cutting speed = 250 rpm 
(Experiment no. 13), the drilled surface shows lesser markings 

without burrs. The surface roughness is relatively very minimal 
when compared to experiment no. 1. Whereas at higher feed 
and cutting speed, when the selected feed rate = 20 mm/min 
and cutting speed = 3000 rpm (Experiment no. 16) the surface 
finish is far better when compared to all other shown in Fig. 13. 
The above points infer the influence of process parameters on 
machining quality [44]. 

4. Conclusion

The 3D FEM developed in this research work simulates 
and reveals the insight of the drilling process in aluminium 
nanocomposite. The results acquired from the experimental 
drilling and 3D FEM simulation are compared to validate the 
developed 3D FE Model. This validated 3D FE model was sug-
gested and proposed to perform simulation studies in drilling of 
the aluminium nanocomposites for predicting the critical thrust 
force and chip characteristics.

The critical thrust forces are recorded from experimental 
and 3D FE simulation results and it is correlated. The correlation 
is found to be in good agreement with the deviation of 10 to 15%. 
The critical thrust forces (Fz) decrease when the cutting speed 

a) N = 250 rpm	 b) N = 3000 rpm	 c) N =1000 rpm	 d) N = 3000 rpm
f = 10 mm/min	     f = 5mm/min	     f =10 mm/min	      f = 20 mm/min

Fig. 14. Images of the drilled holes from 3D FEM simulation results

Fig. 15. Quality of the drilled surface
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is increased. However, increasing the feed rate leads to a rise in 
critical thrust force. The research work reports a maximum criti-
cal thrust force of 716 N at Vc = 7.85 m/min and f = 20 mm/min. 
Therefore, it is suggested to drill this aluminium nanocomposite 
with a lower feed and higher cutting velocity to minimize the 
drilling-induced damages caused by elevated thrust force. 

The chip images collected from drilling experiments and 
3D FEM simulation show a variety of chip morphology with 
respect to cutting speed and feeds such as long continuous 
spiral-shaped, short continuous thin spiral-shaped, spiral-shaped 
with lamella structure, continuous thin distorted spiral-shaped 
and segmented chips like flakes. The presence of cracks, voids, 
sawtooth and lamella structure is observed from the chip mor-
phological investigation. The correlation of chip images captured 
from experimental and 3D FEM simulation is good and reliable.

The stress plots captured from the 3D FEM drilling simula-
tion shows; maximum Shear stress of 284 MPa and von Misses 
stress of 578 MPa in the cutting zone during chip formation and 
it is also comparable with the shear strength and ultimate strength 
of the aluminium nanocomposite. The drilled chip images show 
the failure phenomenon of the aluminium nanocomposite during 
drilling. The surface quality of the drilled hole is better when 
drilling is performed at a higher cutting speed, which is suggested 
for future investigations.

Furthermore, by utilizing this 3D FE Model, it is proposed 
to extend the current research work on the drilling and milling of 
aluminium-based MMC’s and FRP’s with other failure models. 
Since, applications of aluminium based MMC’s are extensively 
increasing in the modern day industries for making light weight 
products with high strength and reliability.
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