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Abstract: This contribution presents three-dimensional turning operation simulations exploiting
the capabilities of finite element (FE) based software Abaqus/Explicit. Coupled temperature-
displacement simulations for orthogonal cutting on an aerospace grade aluminum alloy AA2024-T351
with the conceived numerical model have been performed. Numerically computed results of cutting
forces have been substantiated with the experimental data. Research work aims to contribute in
comprehension of the end-burr formation process in orthogonal cutting. Multi-physical phenomena
like crack propagation, evolution of shear zones (positive and negative), pivot-point appearance,
thermal softening, etc., effecting burr formation for varying cutting parameters have been highlighted.
Additionally, quantitative predictions of end burr lengths with foot type chip formation on the
exit edge of the machined workpiece for various cutting parameters including cutting speed, feed
rate, and tool rake angles have been made. Onwards, to investigate the influence of each cutting
parameter on burr lengths and to find optimum values of cutting parameters statistical analyses using
Taguchi’s design of experiment (DOE) technique and response surface methodology (RSM) have
been performed. Investigations show that feed has a major impact, while cutting speed has the least
impact in burr formation. Furthermore, it has been found that the early appearance of the pivot-point
on the exit edge of the workpiece surface results in larger end-burr lengths. Results of statistical
analyses have been successfully correlated with experimental findings in published literature.

Keywords: finite element analysis; end burr; design of experiments; response surface methodology;
analysis of variance; AA2024

1. Introduction

Machining is one of the oldest and most commonly employed manufacturing processes to shape
the materials with a high dimensional accuracy and surface finish. However, burr, the undesired
sharp material on the finished machined product edges needs to be removed prior to the product’s use
for direct function or for further processing. Posts machining deburring processes like mechanical,
thermal, electrical, and chemical are generally employed to remove the burrs from various materials
and workpiece geometries [1]. Deburring processes increase the product cost and overall production
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time. Invaluable experimental and numerical efforts have been made in this context to comprehend
burr formation mechanisms [2,3], model and predict burr sizes [4–6], control burr formation by tool
geometry selection and tool path planning [7–10], and workpiece geometry design [11], etc. Researchers
have also used heuristic optimization techniques to optimize various machining parameters like
cutting speed, feed rate, depth of cut, tool angles, tool nose radius, etc., to minimize burr formation.
Saleem et al. [12] have used artificial neural network (ANN) and Dong et al. [13] have used Taguchi’s
design of experiment (DOE) techniques to minimize burr size. Response surface methodology (RSM)
and analysis of variance (ANOVA) have been employed by Niknam and Songmene [14] to perform
statistical investigation on burrs thickness during milling of aluminum alloys. Sokolowski et al. [4]
have used neural networks and fuzzy logic to predict and optimize burr sizes.

Present work aims to provide further comprehension of the end-burr formation process in turning
aluminum alloy AA2024-T351, employing the FE-based numerical model. Due to the importance and
complex multi-physical nature of metal cutting phenomena the topic has been widely addressed in the
literature. Numerous studies to establish numerical and analytical models on various features of the
metal cutting models have been made. For example, mechanisms of chip formation have been detailed
by Barry and Byrne [15] and Movahhedy et al. [16]. Childs [17] has provided a fundamental knowledge
on friction modelling in metal cutting. Molinari et al. have [18,19] presented comprehensive analyses
of the contact problems in orthogonal cutting. Comprehensive details on various chip separation
criterion including geometry-based approach, fracture-based approach, etc., have been detailed by
Guo et al. [20] and Belhadi et al. [21]. Ultimate objective of all studies is to establish machining
models, which can efficiently calculate most of the experimental features of interest. In the current
work a FE-based numerical cutting model with a simplified orthogonal cutting approach has been
established. Though, orthogonal cutting is a study case involving strong simplification when compared
to industrial oblique cutting. However, modelling of oblique cutting with complex insert geometries
and various chip breakage designs is quite challenging. Often complete edge configurations are not
provided in the manufacturer’s catalogue and subsequently precise tactile and optical measurement
methods are required to measure accurate tool geometry. Additionally, small variation in edge angles
strongly effects chip formation, cutting forces, and process variables like temperature, stress, and
strain [22,23]. In this situation, it is somehow difficult to identify significant cutting parameters (cutting
speed, cutting feed, etc.,) and their respective contribution in generating results of interest, like cutting
force evolution, chip morphology, surface finish, burr formation, residual stresses, etc. On the other
hand, orthogonal approach helps to provide a general and fundamental understanding of the process
mechanics and may assist in the optimization of tool edge design and optimum cutting parameters
selection. Nevertheless, in some unique cutting operations like drilling or for specific measurements
like wear measurement on tool nose, etc., orthogonal simplification cannot be made.

Current work aims to contribute in comprehension of the end-burr formation process in turning
aluminum alloy AA2024-T351. Multi-physical phenomena concerning material damage, crack
propagation, evolution of shear zones (positive and negative), pivot-point appearance, thermal
softening, etc., influencing the burr formation have been discussed in length. Statistical investigations,
to evaluate the influence of cutting parameters (input factors or controllable factors) including cutting
speed (VC), feed rate (f ), and tool rake angle (γ) on the computed results of burr lengths (response)
have also been performed. In this perspective, initially, a finite element based orthogonal cutting model
for turning process has been developed in the Abaqus/Explicit software. In order to validate the
computational results (Cutting forces, FC) with the ones obtained by earlier performed straight turning
experimentation, similar cutting conditions were adopted in the FE-model. For example, the cutting
tool insert profile (Sandvik uncoated carbide insert: CCGX 12 04 08-AL H10), which was originally
used in experimentation, was obtained using a scanning electron microscope (SEM). Onwards,
this cutting tool profile was incorporated in the conceived geometrical model to perform coupled
temperature-displacement cutting simulations. Comprehensive details on orthogonal experimentation
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including force measuring equipment (Standard dynamometer-Kistler 9257B), data acquisition device
(National Instrument NI-4472), and data treatment are detailed in the former work [24].

After acquiring the satisfactory validation of the numerical model, further FE-analyses considering
various combination of cutting parameters have been performed and end-burr lengths are computed.
Finally, well-established Taguchi’s DOE statistical optimization technique is employed to investigate
the optimum cutting parameters in minimizing burr. Analysis of variance (ANOVA) have been
performed to identify the most significant cutting parameters and their respective contribution in
producing burr. Response surface methodology (RSM) is used to develop a functional relationship
model between response (end-burr length) and significant parameters. FEA and statistical
investigations were performed by varying cutting speed (VC) from 800 to 1000 m/min, feed rate
(f ) from 0.3 to 0.4 mm/rev and rake angle (γ) from 5◦ to 17.5◦. It is pertinent to mention that instead of
2D-simulations 3D-orthogonal cutting simulations have been performed. 3D-cutting simulations have
helped to quantify the end-burr lengths at various sections of the workpiece along depth of cut (aP)
i.e., “middle section of workpiece (Z = 0, Figure 1)”, where only the end burr forms and the “edges of
workpiece (Z = ±2, Figure 1)”, where combination of end-burr and poisson-burr forms.
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Figure 1. 3D geometrical model and boundary conditions for orthogonal machining.

2. Finite Element Model for Cutting Simulation

2.1. Geometrical Model and Boundary Conditions

Geometrical model for orthogonal cutting operation (insert cutting edge is orthogonal with
the feed and cutting speed) realized in Abaqus/Explicit software is shown in Figure 1. During
machining, material plasticizes, fractures occur, and chips separates from the workpiece and eventually
a new surface (machined workpiece surface) is generated. During the progression of this cutting
process, stresses, strains, temperatures, damage and other associated multi-physical phenomena
occurs at the tool-workpiece interaction regions. This promotes severe mesh distortions (based on
Lagrangian formulation) in the latter regions. To reduce the dynamic contact complexities, mesh
distortions at the tool workpiece interaction level and to smooth the chip formation the workpiece is
geometrically modeled in three parts. Namely, predefined chip (with specific feed rate, f and depth
of cut, aP values), machined part and “chip separation zone”. These parts are assembled through
the tie constraint algorithm (Abaqus inbuilt algorithm), thus that they behave like a single identity
“workpiece”. The size of the separation zone (30 µm) is of the order of the cutting-edge radius [25].
Thermally coupled continuum brick elements C3D8RT with an average size of 30 µm have been used
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to mesh the various parts of model. Tool and workpiece kinematic boundary conditions are shown in
Figure 1. While conduction is taken as the mode of heat transfer at the tool-workpiece interface.

2.2. Constitutive Model and Chip Separation

To model the material’s behavior, Johnson-cook thermo-elasto-visco-plastic model, Equation (1),
is used [26]. Promising results [7,12] show the effectiveness of the chosen stress model.

σJC = (A + Bεn)︸ ︷︷ ︸
Elasto−plastic term

[
1 + Cln

( .
ε
.
ε0

)]
︸ ︷︷ ︸

Viscosity term

[
1−

(
T − Tr

Tm − Tr

)m]
︸ ︷︷ ︸

So f tening term

(1)

For Lagrangian based formulations, a chip separation criterion needs to be specified. Various
approaches are reported in the literature. Díaz-Álvarez et al. [22] have used the continuous remeshing
technique. Guo et al. [20] have used the geometry-based node separation approach. Geometry-based
element deletion approach has been adopted by Ramesh [27]. While, the mechanical fracture criterion
is employed by Mabrouki et al. [28]. In the present work, chip formation and separation are based
on the evolution of ductile fracture. The Johnson-cook shear damage model, Equation (2), has been
employed to simulate ductile damage. The damage initiates in finite element when scalar damage
parameter (ω), Equation (3), approaches a value of 1. In addition, modelling of the damage evolution
and ultimately the fracture, Equation (4), is conceived according to Hillerborg et al. fracture energy
proposal [29]. Hillerborg et al. [29] proposed that the fracture energy Gf, required to open a unit area
of crack as material property. The approach was proposed for concrete materials, but also provides
promising results for ductile materials [28,30] because according to Hillerborg et al. [29], the proposal
crack is assumed to propagate when the stress at the crack tip reaches the tensile strength of the
material. The equivalent plastic displacement at failure is calculated by Equation (5). Provided
material fracture toughness (KC), Equation (6) is used to calculate the fracture energy (Gf). Equations
(7) and (8) represent linear and exponential evolution of scalar damage evolution parameter (D) used
in chip separation and chip regions, respectively.
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u f∫
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(6)

D =
u
u f

(7)

D = 1− exp

− u∫
0

σ

G f
d u

 (8)

Once the damage evolution parameter (D) approaches to a value of one, it is assumed that
the element’s stiffness is fully degraded and it can be removed from the mesh. Hence, a coupling
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between material damage evolution and its fracture energy is used to conceive chip separation from
the workpiece body. Further details on the numerical model are elaborated in the recent work of
Mabrouki et al. [28]. Material properties and Johnson-cook equations parameters are shown in Tables 1
and 2, respectively.

Table 1. Physical properties of tool and workpiece materials [24].

Parameters Workpiece (AA2024-T351) Insert (Tungsten Carbide)

Density, ρ 2700 11,900
Young’s modulus, E 73,000 534,000

Poisson’s ratio, ν 0.33 0.22
Fracture energy, Gf 20 × 103 X

Specific heat, Cp 0.557 T + 877.6 400
Expansion Coefficient, αd 8.91−3 T + 22.2 X

Thermal conductivity, λ
25 ≤ T ≤ 300: λ = 0.247T + 114.4
300 ≤ T ≤ Tm: λ = −0.125T + 226 50

Meting temperature, Tm 520 X
Room temperature, Tr 25 25

Fracture toughness (KIC and KIIC) 26 and 37 X

Table 2. Johnson Cook model parameters for AA2024-T351 (data from [24]).

A B n C m D1 D2 D3 D4 D5

352 440 0.42 0.0083 1 0.13 0.13 −1.5 0.011 0

2.3. Finite Element Formulation

Constitutive equations are solved using the finite element package Abaqus for the given boundary
conditions. The displacement FE method takes following form of virtual work statement to meet
equilibrium requirements [31].∫

V

σ : δDdV =
∫
S

ΓT .δu dS +
∫
V

fT .δu dV (9)

From Equation (9) non-equilibrium equations can be derived [32].∫
V0

βN : τcdV0 =
∫
S

NT
N .Γ dS +

∫
V

NT
N .f dV (10)

This represents basic finite element stiffness model and can be written as:

FN
(

uM
)
= 0 (11)

Newton’s method is used to solve nonlinear equations. If uM
i is taken as solution after the ith

iteration and cM
i+1 represents difference between exact and calculated solution, equation will take the

following form:
FN
(

uM + cM
i+1

)
= 0 (12)

Now using the Taylor series to expand the results about uM
i and eliminating the higher order

terms, the following form of equation can be written.

KNP
i cM

i+1 = −FN
i (13)
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where KNP
i represents the Jacobian matrix. The difference is taken from Equation (13) and the next

solution is then calculated by the following relation.

uM
i+1 = uM + cM

i+1 (14)

The process continues till convergence of the solution. Values of cM
i+1 and FN

i are taken sufficiently
small to ensure the convergence.

2.4. Thermal Aspects

In machining, a substantial amount of heat is generated due to plastic deformation and frictional
contact at the tool-chip interface. Due to variable combinations of materials, speed and feed,
the temperatures at tool-chip interface are quite higher and can considerably influence in changing the
flow stress conditions at tool-chip interaction level and sticking-slipping contact [18,19]. Additionally,
mechanical and physical properties of materials change substantially at higher cutting temperatures.
Coupled temperature-displacement calculations are exploited, therefore, as thermal and mechanical
solutions greatly affect each other. The heat generation due to plastic deformation and friction is
modelled as a volume heat flux. Heat conduction is taken as a mode of heat transfer, which occurs
within the workpiece material and at the tool-chip interface. For a local temperature rise of ∆TP (due
to inelastic work) in the workpiece during a period of time ∆t, the heat generation rate due to inelastic
work, is as below.

.
qp = ηpσ.

.
ε (15)

where
.
qp is the heat generation rate due to plastic deformation and ηp is the inelastic heat fraction,

also called the Taylor–Quinney empirical constant, is usually taken equal to 0.9 [18,19,21]. The heat
generated by friction forces induces a rise in temperature ∆Tf during a period of time of ∆t. The
fraction of dissipated energy η f caused by friction is assumed to be equal to 1. From the fraction η f , an
amount of heat J remains in chip and (1 − J) is conducted to the tool. For the present model a default
value of J = 0.5 is used [18,19,21]. The volumetric heat flux corresponding to friction is as below.

.
q f = ρCp

∆Tf

∆t
= ηf J τf

.
γ (16)

The shear stress τf is given by the friction law and
.
γ is the slip strain rate. The steady state,

three-dimensional form of energy equation is given by Equation (17).

λ

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
− ρCp

(
ux

∂T
∂x

+ uy
∂T
∂y

+ uz
∂T
∂z

)
.
q f +

.
qp = 0 (17)

Backward difference scheme is used to integrate temperatures and Newton’s method is used to
solve the coupled system.

2.5. Friction Law

Friction characteristics at the tool-chip interface are difficult to determine since it is influenced
by many factors such as local cutting speed, local contact pressure, temperature, tool and workpiece
material, and geometry [17,18]. Various friction models have been proposed in the literature [17,18,33].
The models are mainly based on the classic Coulomb’s fiction law or the extended Coulomb’s law,
commonly known as Zorev’s friction model. To model the friction between the tool and workpiece
most commonly employed, Coulomb’s fiction law has been adopted in the current study.

3. FEA Results and Discussion

Three dimensional orthogonal cutting simulations for eight different parametric combinations of
cutting speed (VC = 800 m/min and 1000 m/min), feed rate (f = 0.3 mm/rev and 0.4 mm/rev) and
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tool rake angle (γ = 5◦ and 17.5◦) have been performed to predict the end-burr lengths. Depth of
cut (aP), was kept constant to 4 mm. Numerical results of cutting forces (FC) are compared with the
experimental ones (Table 3). A good corroboration of experimental and numerical results has been
found. As shown in Table 4, the computed results of the end-burr length measured along x-axis at
Z = 0 (middle section of workpiece) for all parametric combinations of feed, speed, and rake angles
(total 8 tests).

Table 3. Cutting forces for VC = 800 m/min, γ = 17.5◦, aP = 4 mm.

Feed Rate, f (mm/rev)
Cutting Force, FC (N)

Experimental [24] Numerical

0.3 769 718
0.4 976 933

Table 4. Numerically computed end-burr lengths (mm) for various cutting parameters.

Test Number
Cutting Parameters Burr Length along

x-axis at Z = 0Cutting Speed (VC) Feed Rate (f ) Rake Angle (γ)

1 800 0.3 17.5 0.0743
2 800 0.3 5 0.08944
3 1000 0.3 17.5 0.0723
4 1000 0.3 5 0.08344
5 800 0.4 17.5 0.1226
6 800 0.4 5 0.149
7 1000 0.4 17.5 0.11
8 1000 0.4 5 0.137

Figure 2 presents the plots of numerically computed values of cutting forces FC (a), nodal
temperatures NT (b), and some other important measures including the distance of the pivot-point
(measured along negative y-axis) from the workpiece exit edge (c), tool distance from workpiece exit
edge at pivot-point appearance time (d), and the tool distance from the workpiece exit edge at full
development of fracture in the “chip separation zone” far ahead of the tool tip (e). The forthcoming
discussion on burr formation will highlight the importance of these measures in burr initiation and
eventually end-burr growth phenomena.

In the normal course of cutting, the tool advances in the cutting direction, workpiece material
deforms plastically (formation of primary and secondary shear zones), fracture initiates around the
tool tip and propagates along cutting line, chip separates from workpiece, and a new machined surface
is generated. However, as the tool approaches near the exit end of the workpiece, material also starts
deforming plastically in the vicinity of the exit end of workpiece material. Later, it is caused by the
bending load produced at the exit end of the workpiece due to the free-surface (see free-surface in
Figure 1) material flow (initiation of end-burr) in the direction of cutting due to the tool’s continuous
advancement in the cutting direction. Location of this new plastic zone below the machined surface
depends on various cutting parameters and cutting tool’s geometry. A “pivot-point” is usually
described on workpiece exit end to locate large deformation point in this plastic zone below the
machined surface 2. This plastic zone developed around the pivot-point (called the negative shear
zone) grows towards the cutting line and meets the primary shear zone. This facilitates the flow of
material in the direction of cutting towards the exit end (end-burr development) and on also promotes
the early formation and development of the fracture along the cutting line ahead of the tool tip in the
“chip separation zone”. Eventually, material escapes cutting and boot type chip along with end-burr
being formed.
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y-axis) from machined surface exit edge (d) distance of tool (along x-axis) from exit edge at pivot point
appearance time (e) distance of tool (along x-axis) from exit edge at full growth of fracture in “chip
separation zone”.

3.1. Effect of Feed on End-Burr Formation (at Section Z = 0)

Figure 3 shows the plots of the end-burr lengths measured along the x-axis for different parametric
combinations of feed, speed, and rake angles. Increase in the feed has resulted in augmentation of burr.
Maximum and minimum burr lengths have been generated in test-6 and test-3 (Table 4), respectively.
As the feed is increased from 0.3 to 0.4 (≈ 33% increase), burr increased in a range of 52% (minimum)
to 66% (maximum) with various combinations of cutting speeds and rake angles. All plots in Figure 3
shows a linear relationship, which could be misrepresentative with limited data points. More data
points (more combinations of feed, speed and rake angles) need to be tested. However, as limited
experimental data (for comparison) are available, therefore, few combinations (in total 8) of feed, speed,
and rake angles have been tested. Nevertheless, an approximately linear trend of increase in burr
length as function of cutting-edge radius has also been reported by Wu et al. [34]. The experimental
work by Niknam and Songmene [14] on measurements of exit-burr lengths for milling of aluminum
alloys also shows linear trends in burr formation as a function of speed, feed, and depth of cut.

Figure 4 shows the Von-mises stresses in plastic zone only for test-3 (which resulted in minimum
burr formation) and test-6 (which resulted in maximum burr formation) of cutting parameters at the
cutting time when the “pivot-point” appears at the exit edge of workpiece. It can be figured out that
the plastic zone (as result of primary and negative shear zones) is more expanded and widened (test-6,
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Figure 4b) at a higher feed of 0.4 mm/rev. More expanded and widened plastic zone on one hand
requires a higher energy dissipation leading to higher cutting forces, and on the other hand, causes
early and further away (from machined surface) appearance of pivot-points along the negative y-axis
at the exit edge of the workpiece. More expanded and widened plastic zone also promotes the early
formation and development of fracture along the cutting line far ahead of the tool tip [25] in the “chip
separation zone” as shown in Figure 5b, and results in higher cutting temperatures (Figure 6). This
facilitates the flow of the material towards the workpiece exit (end burr) and causes the material to
escape from the cutting process and formation of the boot type chip (Figure 5).
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It is worth mentioning that an increase in feed has resulted in a more expanded and widened
plastic zone (as depicted by a minimum increase of 25% in cutting forces, Figure 2). Whereas,
a maximum of 6% increases in nodal temperatures was figured out (Figure 2). This shows that
the expanded and widened plastic zone is the leading phenomena in enhancing the end burr formation
rather than thermal softening.

3.2. Effect of Rake Angle on End-Burr (at Section Z = 0)

Figure 7 shows the plots of burr lengths for various parametric combinations of feed, speed,
and rake angles. Decrease in rake angle has promoted an increase in burr lengths. As the rake angle, γ,
was decreased from 17.5◦ to 5◦ (≈70% decrease), the end burr has been increased in a range of 15%
(minimum) to 24% (maximum) with various combinations of cutting speed and feed. Furthermore,
a minimum increase of 11% in cutting forces (Figure 2) and a maximum of 4% increases in nodal
temperatures was figured out (Figure 2). This shows that a decrease in rake angle also promotes the
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expansion and widening of the plastic zone leading to enhancement of the burr formation, as previously
noticed for the feed case.
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3.3. Effect of Speed on End-Burr (at Section Z = 0)

Figure 8 shows the computed results of end burr lengths measured along the x-axis for various
parametric combinations of feed, speed, and rake angles. Decrease in the cutting speed has promoted
the formation of end burr. As cutting speed decreases from 1000 to 800 m/min (≈20% decrease), burr
increases in a range of 2.7% to 11% with various combinations of feed rate and rake angles. This shows
that the variation of cutting speed has the least effect on burr formation in comparison to feed and rake
angle. Niknam and Songmene [14] has also reported similar results during milling of aluminum alloys.
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3.4. Burr Formation on Workpiece Edges (at Section Z = ±2)

As tool advances in the cutting direction (along x-axis) material deforms and flows in the similar
direction (along x & y axes). However, some material also flows towards the workpiece edges along
the z-axis (out of plane deformation) leading to side burr or poisson burr formation [7,8]. Therefore,
around the central section of the workpiece (at Z = 0) purely end burr is formed, while near the edges
(at Z = ±2), some material flows out of the plane along the z-axis, thus, a combination of end and
poisson burr is formed. Consequently, a decrease in end burr near edges (at Z = ±2) can be figured out
in Figure 9. However, the trends of increase or decrease in burr with different combinations of cutting
speed, feed rate, and rake angle are similar to that found at the middle section (at Z = 0 in Table 4).
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4. Statistical Analysis and Optimization

The previous section provides comprehensive details on end-burr initiation and growth process
considering the FEM approach. Plausible roles of various cutting parameters (VC, f and γ) and
associated multi-physical phenomena, like temperature, shear zones, pivot-point location, and
development of fracture along the cutting line far ahead of the tool tip, etc., on burr formation
are discussed. However, the following points of interest, especially from a production engineer point
of view, are still either unclear and need more explanation, or altogether un-answered:

• Which process parameters (VC, f and γ) have a major/minor effect in producing pronounced
end-burr.

• What is the optimum combination of process parameters to minimize the burr lengths?
• Which of the previously discussed phenomena including temperature, cutting force evolution,

pivot-point appearance time, pivot-point location, etc., have direct or more conspicuous relation
with the burr formation process?

• Can a functional relationship between response (burr length) and process parameters be
established?

In order to address the above mentioned quality characteristics of burr formation processes,
well known and powerful statistical techniques of design of experiment (DOE) applying Taguchi’s
methodology and response surface methodology (RSM) are employed.

4.1. Burr Optimization Using Taguchi’s Methodology

In order to investigate the influence of process control factors (VC, f and γ) on output response
(end burr length), the “smaller-the-better” quality criterion has been employed for each of the data
mean (actual burr lengths computed in 8 tests as per Table 4) and signal-to-noise ratio (S/N) responses
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in Taguchi’s DOE. Equation (18) is used as a governing equation to calculate signal-to-noise ratio (S/N)
as per the quality criterion.

S
N

= −10log

(
∑
(

y2
i

n

))
(18)

where yi represents the response or performance value of the ith test and n is the number of repetition
of tests. Each process control factor has two levels of variations (VC = 800 and 1000 m/min, f = 0.3
and 0.4 mm/rev and γ = 5◦ and 17.5◦). Plots of main effects of S/N ratio (Figure 10a) and data mean
(Figure 10b) presents the optimum values of process control factors to minimize the burr. The optimum
parameters are: VC = 1000 m/min, f = 0.3 mm/rev, γ = 17.5◦.
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Results of Table 5 show that feed is the most, and speed is the least influential factor in burr
formation. This finding is in good corroboration with the experimental measurements of Niknam and
Songmene [14] of exit-burr lengths for milling of aluminum alloys.

Table 5. Response table for S/N ratios.

Level Factor (Speed) Factor (Feed) Factor (Rake Angle)

1 19.57901329 21.98483401 19.08593539
2 20.20687077 17.80105005 20.69994867

Difference 0.627857489 4.183783969 1.614013276
Rank 3 1 2

Taguchi’s method of DOE emphasis on performing a confirmation test to check the validity of
the predicted burr (at optimum values of process control factors) and actually produced burr. For this
purpose the following expression was employed.(

S
N

)
predicted

=

(
S
N

)
m
+

n

∑
i=1
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S
N

)
i
−
(

S
N

)
m

)
(19)

where (S/N)m is the mean of all the S/N ratios and (S/N)i is S/N ratio at the optimum level of ith
parameter. Now, by employing the above expression, (S/N) predicted = 23.105 for optimal combination
of parameters. While Equation (18) was used to calculate the predicted value of burr length (0.0699 mm).
Actual burr produced with optimal values of process parameters (VC = 1000, f = 0.3, γ = 17.5◦: Test-3)
is 0.0723 mm. The calculated error of 3.3% shows a good agreement between the predicted burr
(0.0699 mm) and actual burr (0.0723 mm).



Metals 2019, 9, 276 14 of 19

4.2. RSM Based Statistical Analysis

To approximate the functional relationship between burr and control factors, a first order multiple
regression model (Equation (20)) was used. The developed model is given by Equation (21).

y = β0 +
k

∑
i=1

βixi + ε (20)

where β0 is constant, βi is coefficient of linear term, xi is explicative variable (control factor) and ε is
random error.

Burr length = −0.01486− 4.075e−5(Speed) + 0.4978 (Feed)− 0.001593 (Rake angle) (21)

To check the properness of the above proposed model and to determine the contribution of each
control factor in burr formation, analysis of variance (ANOVA) have been performed. Following terms
are summarized in ANOVA Table 6.

Sum o f Squares
(

SS f

)
=

N
n f

n f

∑
i=1

(yi − y)2 (22)

where N: Is total number of tests, nf : Is level of each factor, y: Is the mean of response and yi: Is the
mean of response at each level of respective factor.

Mean square(Variance) : MSi =
SS f

DFi
(23)

where DFi is degree of freedom of respective factor.

Fisher Coe f f icient(F− value) =
MSi

MSError
(24)

Percent Contribution: PP(%) =

( SS f

SST

)
× 100 (25)

where SST is total sum of squares.

Table 6. ANOVA results for end-burr.

Source DF SS MS F-value P-value PP (%) Remarks

Model 3 0.005882 0.001960 60.11 0.00087 - Significant
Speed 1 0.000132 0.000132 4.07 0.11374 2.208548 Insignificant
Feed 1 0.004956 0.004956 151.94 0.00024 82.42308 Significant

Angle 1 0.000793 0.000793 24.33 0.00785 13.19807 Significant
Error 4 0.000130 0.000032 - - 2.170298 -
Total 7 0.006013 - - - 100

Minitab software was used to perform ANOVA. Analysis for 95% confidence level (i.e.,
significance level: 5%) has been performed. Based on the Fisher coefficient value (F-value), remarks
(significant or insignificant) for each of the factors are made. Probability value (P-value) of all factors
except speed are <0.05. This shows the significance of the regression model (Equation (21)) and
contributing factors terms. Multiple correlation factor, R2 and adjusted R2 values for the proposed
model (Equation (21)) are 97.8% and 96.2%, respectively. This confirms a good correlation between the
model’s predicted burr length values and actual values of end-burr lengths. Table 6 also shows that
feed has the highest contribution (82.4%) in producing burr and the angle has a 13.2% contribution.
Whereas speed has the least effect at 2.2% in generating end-burr in aluminum alloy machining. Similar
experimental findings have been reported by Niknam and Songmene [14].
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Finally, to find any possible correlation of the control factors with other computed parameters
(listed in Figure 2, like temperature, force, pivot-point location, etc.,), which could possibly match with
the proposed model (Equation (21) and Table 6), an ANOVA for each of these parameters (considering
them as response or target function) has been made. Results are shown in Tables 7–11.

Table 7. ANOVA results for the nodal temperature.

Source DF SS MS F-value P-value PP (%) Remarks

Speed 1 180.5 180.5 288.8 <0.0001 14.37 Significant
Feed 1 760.5 760.5 1216.8 <0.0001 60.54 Significant

Angle 1 312.5 312.5 500 <0.0001 24.88 Significant
Error 4 2.5 0.63 - - 0.2 -
Total 7 1256 - - - 100 -

Table 8. ANOVA results for cutting force.

Source DF SS MS F-value P-value PP (%) Remarks

Speed 1 3 3 0.03 0.867 0.002 Insignificant
Feed 1 98790 98790 1001.67 <0.0001 79.42 Significant

Angle 1 25200 25200 255.51 <0.0001 20.25 Significant
Error 4 394 99 - - 0.3 -
Total 7 124388 - - - 100 -

Table 9. ANOVA results for the pivot-point distance from machined surface.

Source DF SS MS F-value P-value PP (%) Remarks

Speed 1 0.0000231 0.0000231 0.14 0.723 0.09 Insignificant
Feed 1 0.006072 0.006072 37.93 0.004 25.9 Significant

Angle 1 0.0167079 0.0167079 104.38 0.001 71.26 Significant
Error 4 0.0006403 0.0001601 - - 2.73 -
Total 7 0.0234433 - - - 100 -

Table 10. ANOVA results for the tool distance from exit edge at pivot-point appearance time.

Source DF SS MS F-value P-value PP (%) Remarks

Speed 1 0.000025 0.000025 0.05 0.831 0.02 Insignificant
Feed 1 0.091164 0.091164 191.94 <0.0001 85.7 Significant

Angle 1 0.013284 0.013284 27.97 0.006 12.48 Significant
Error 4 0.0019 0.000475 - - 1.78 -
Total 7 0.106373 - - - 100 -

Table 11. ANOVA results for the tool distance from exit edge at full growth of fracture in
separation zone.

Source DF SS MS F-value P-value PP (%) Remarks

Speed 1 0.000365 0.000365 0.74 0.438 0.48 Insignificant
Feed 1 0.043512 0.043512 88.42 0.001 57.73 Significant

Angle 1 0.029525 0.029525 59.99 0.001 39.17 Significant
Error 4 0.001968 0.000492 - - 2.61 -
Total 7 0.07537 - - - 100 -

It can be deduced by the results of Table 10 (ANOVA for “tool distance from exit edge at
pivot-point appearance time”) that the % contribution of the control variables of speed (0.02%),
feed (85.7%), and rake angle (12.48 %) on this parameter are quite similar to their contribution in
producing burr (Table 6). This helps to conclude that the early formation of pivot-point (at higher feed
values) is a strong indication that end-burr lengths will be higher. Hashimura and Dornfeld [2] have
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also pointed in their experimental investigation in aluminum alloy orthogonal cutting that as feed
increases, the pivot-point appears earlier in the tool motion and leads to lager burr lengths.

5. Conclusions

Experimental investigations-based research findings are always acknowledged and welcomed in
the machining industry. However, experimental techniques and measurements methods are costly
and time consuming. Alternate research methodologies including molecular dynamics (MD), FEM,
etc., are now well-established and provide reliable research results. The present work is based on an
FEM approach to investigate the influence of cutting parameters on end-burr formation in machining
aeronautic aluminum alloy AA2024. The Burr formation mechanism and associated multi-physical
phenomena including shear zones development, fracture evolution, and cutting temperatures, etc.,
are discussed in length, which otherwise are difficult to record experimentally. In addition, advanced
statistical analyses methods of DOE, ANOVA, and RSM are employed to identify the optimum cutting
parameters (from multiple combinations of cutting speed, feed, and tool rake angle) in minimizing
end-burr and most influential cutting parameter in generating burr. The RSM-based mathematical
model to predict burr is also presented. Research findings are concluded as below:

• End-burr is the only type of burr produced on the exit edge in the middle sections of the workpiece.
While additionally, poisson-burr is generated on the corner sections of the workpiece.

• As tool advances and approaches near workpiece end, negative shear zone appears at the
workpiece exit edge and continuously propagates to meet the primary shear zone. The shear zone
widened and material continuously flows towards the workpiece edges (due to tool advancement)
to eventually produce end-burr.

• Numerical simulations and statistical analyses for various combinations of cutting speed, feed, and
tool-rake angle are made. Optimum cutting parameters (within the tested range of parameters) to
minimize burr are identified. It has been figured out that the lower feed, larger rake angle (more
positive rake angle), and higher cutting speeds helps to decrease burr. Feed is found to be the
most influential factor (contribution: 82%), while speed has the least effect (contribution: 2%) in
producing burr. Whereas, rake angle has a 13% contribution in generating burr.

• As feed increases, the pivot-point (large deformation point in negative shear zone) appears earlier
in the cutting process and far below the workpiece surface and longer burr lengths are produced.

• To predict burr lengths in machining of AA2024, a multiple regression model with acceptable
accuracy (multiple correlation factor, R2 = 97.8%) has been proposed.

Author Contributions: Conceptualization, M.A.; formal analysis, H.I. and W.S.; methodology, A.M. and Z.A.;
validation, T.M.; writing—original draft, M.A.; writing—review and editing, H.I.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Notations

A Initial yield stress (MPa)
aP Cutting depth or axial depth of cut (mm)
B Hardening modulus (MPa)
C Strain rate dependency coefficient
Cp Specific heat (J·kg−1·◦C−1)
cM

i+1 Difference between current and the exact solution
D damage evolution parameter
D1 . . . D5 Coefficients of Johnson-Cook material shear failure initiation criterion
E Young’s modulus (MPa)
f Feed rate (mm/rev)
FN Force component conjugate to the Nth variable, N
FN

i FN after ith iteration
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F Body force per unit volume N/m3

fT Transpose of f
Gf Fracture energy (N/m)
KC I, II Fracture toughness (MPa

√
m) for failure mode I and mode II

KNP
i Jacobian matrix

m Thermal softening coefficient
n Work-hardening exponent
NN Interpolation functions
NT

N Transpose of NN

P Hydrostatic pressure (MPa)
.
qp Heat generation rate due to plastic deformation W/m3
.
q f Heat generation rate due to friction W/m3

S Surface bounding volume V, m2

Г Surface traction per unit area, N/m2

ГT Transpose of Г
T Temperature at a given calculation instant (◦C)
Tm Melting temperature (◦C)
Tr Room temperature (◦C)
u Equivalent plastic displacement (mm)
u f Equivalent plastic displacement at failure (mm)
uM Value of the Mth variable
VC Cutting speed (m/min)
V Volume occupied by body m3

V0 Reference Volume m3

σ Stress, MPa
σJC Johnson-Cook equivalent stress (MPa)
σy Yield stress (MPa)
τc Material stress, MPa
P/σ Stress triaxiality
ε Equivalent plastic strain
.
ε Plastic strain rate (s−1)
.
ε0 Reference strain rate (10−3 s−1)
ε f Equivalent plastic strain at failure
∆ε Equivalent plastic strain increment
ε0i Plastic strain at damage initiation
δD Virtual strain rate (s−1)
δu Virtual velocity field (m/sec)
βN Strain variation
ηp Inelastic heat fraction
η f Frictional work conversion factor
ω Damage initiation criterion
ν Poisson’s ratio
α Expansion coefficient (µm·m−1◦C−1)
λ Thermal conductivity (W·m−1◦C−1)
ρ Density (kg/m3)
γ Rake angle (degrees)
ANOVA Analysis of variance
DOE Design of experiment
RSM Response surface methodology
DF Degrees of freedom
MS Mean squares (variance)
SS Sum of squares
PP Percent contribution
P-value Probability of significance
F-value Fisher coefficient (variance ratio)
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