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Abstract: In this paper, machining aeronautical aluminum alloy AA2024-T351 in dry conditions
was investigated. Cutting forces, chip segmentation, and built-up edge formation were analyzed.
Machining tests revealed that the chip formation process depends on cutting conditions and tool
geometry. So continuous and segmented chips are generated. Under some cutting conditions, built-up
edge formation occurs. A predictive machining theory, based on a finite elements method (FEM),
was applied to reproduce and explain these phenomena. Thermomechanical behaviors of the work
material and the tool-work material interface were considered. Results of the proposed modelling
were compared to experimental data for a wide range of cutting speed. It was shown that the feed
force is well reproduced by the ALE-FE (arbitrary lagrangian-eulerian finite element) formulation and
highly underestimated by the lagrangian finite element (LAG-FE) one. While, the periodic localized
shear band, leading to a chip segmentation, is well reproduced with the Lagrangian FE formulation.
It was found that the chip segmentation can be correlated to the cutting force evolution using the
defined chip segmentation intensity parameter. For the built-up edge (BUE) phenomenon, it was
shown that it depends on the contact/friction at the tool-chip interface, and this is possible to simulate
by making the friction coefficient time-dependent.

Keywords: aluminum alloy AA2024-T351; dry machining; cutting/feed forces; chip segmentation;
built-up edge; FE modeling

1. Introduction

Aluminum alloy AA2024-T351 has been used for over 30 years in the aeronautic and aerospace
industries, especially for its good resistance to fatigue [1]. Also, this metal alloy has a low density
in comparison to steels. Often, components made of aluminum alloy AA2024-T351 need machining,
using various processes (turning, drilling, milling, etc.), to obtain required shape of the component and
also to satisfied the high exigency on the surface quality (low roughness). When machining this alloy,
considered as ductile material, several phenomena occur, depending on cutting conditions (cutting
speed, feed rate, dry/wet cutting, etc.).

The first one is the chips segmentation which should promotes chips fragmentation, hence
ease evacuation of chips. However, this alloy is difficult to fragment, due to its relative low
ductility, in comparison with titanium alloy Ti-6Al-4V for example, also used widely in aeronautics.
Mechanisms of chip formation have been widely studied by many researchers [2–7]. Komanduri
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and Brown [2] classified chips on four types, according to their morphology (wavy, discontinuous,
segmented, and catastrophic shear chip), and gave the definition of each one. Globally, the origin of
each type depends on cutting conditions, cutting tool geometry, cutting angles, and the machined
material (thermo-mechanical characteristics: Soft or hard materials). To understand mechanisms
of chip formation, micrographic analysis was conducted in several research works (e.g., [3,4], [2,5]).
For example, Bayoumi and Xie [3] analyzed metallurgical aspects of the chip formation when cutting
the usual titanium alloy Ti-6Al-4V.

The second one is the BUE formation, which may alter the surface quality, since the adhered work
material can pass under the tool flank face and acts on the newly generated surface. Also, the BUE
edge affects the chips morphology since the BUE changes the tool rake angle. The literature review
shows that the analysis of the BUE formation during the cutting process was a subject of several
theoretical and experimental studies. For experimental aspects, Ernst et al. [8] reported that the BUE
can be often formed under high friction conditions at the tool-chip interface and its morphology is
significantly influenced by the state of stress around the tool cutting edge. Shaw et al. [9] attribute
the BUE formation to the temperature gradient across the chip and to the brittle behavior of the
workpiece material. In addition, Philip [10] concluded that the BUE formation is the result of seizure
and sub-layer flow at the tool-chip interface. The strain hardening of the work material promotes the
formation of a stagnant build-up at the cutting edge.

In this paper, to analyze the machining process of AA2024–T351 (cutting forces, chip segmentation,
and BUE formation), experimental and modelling studies were developed. In the experimental study,
cutting speed, feed rate, and tool rake angle were varied to highlight there effect on the cutting process.
The modelling study was performed to give more insight on revealed phenomena. This also allows
simulating other cutting conditions not performed experimentally. Friction coefficient was varied in
order to analyze the mechanism of BUE formation.

2. Experimental and Modelling Aspects

2.1. Experimental Aspects

To analyze the chip segmentation phenomenon, the experimental study previously done by one of
the authors in [11] has been investigated. Orthogonal cutting tests, in dry conditions, were performed
on a planer machine at low cutting speed to observe with CCD (charge-coupled device) camera the
cutting process (chip formation), and on a CNC (computer numeric control) lathe to allow variation
of the cutting speed in a large range, as shown in Figure 1a,b. Uncoated carbide inserts, of type K4,
have been used as cutting tools with two rake angles (0◦ and 15◦), see Figure 1c. The value of the
clearance angle is kept constant (7◦) for all tools and all cutting conditions. Each tool has a cutting
edge radius of 0.01 mm. The depth of cut in both planing and turning processes is 4 mm for all
cutting conditions.
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Figure 1. Experimental setup of orthogonal cutting tests: (a) planar machining; (b) turning;
and (c) cutting tools with two rake angles (0◦ and 15◦) [11].

The inserts material is a WC-Co cemented tungsten carbide with cobalt as binder phase.
The chemical analysis on a polished surface inside the tool gives a composition with 6 wt. % of cobalt and
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no mixed carbides such as TiC, TaC, and NbC have been detected in the microstructure. The cobalt binder
is uniformly distributed with WC grains (Figure 2b). The workpiece material is the usual aeronautical
aluminum alloy AA2024-T351 (Figure 2a). Its chemical composition is given in Table 1.
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Table 1. Chemical composition (wt. %) of the AA2024-T351 [11].

Al Cr Cu Fe Mg Mn Si Ti Zn

Balanced Max. 0.1 3.8–4.9 Max. 0.5 1.2–1.8 0.3–0.9 Max. 0.5 Max. 0.15 Max. 0.25

Using a high speed camera and dynamometer table, instantaneous images of the cutting process
and cutting forces were obtained. As shown in Figure 3, for a low feed (0.1 mm) a continuous chip was
observed, while for a large feed (0.3 mm) segmented chip was obtained with the two tools (0◦ and 15◦),
but the chip segmentation is different. Average cutting forces (evaluated in stabilized range or steady
state of cutting) and contact lengths (evaluated from instantaneous images of the cutting process) are
reported in Table 2. The analysis of the results shows that there is a strong correlation between cutting
conditions (cutting speed and feed), cutting parameters (rake angle), and the chip morphology.
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The BUE occurs at particular cutting conditions when machining ductile metals, like aluminum
alloy AA2024-T351. The effect of uncut chip thickness on the formation of the BUE was examined on
an instrumented planar machine, where the tool rake angle was varied. Different sequences of the
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cutting process were recorded by the CCD camera and then analyzed. From instantaneous images
of Figure 3, it can be observed that the BUE occurs for the low rake angle (i.e., 0◦) and uncut chip
thicknesses of 0.1 mm. Figure 4 highlights the BUE formation in the vicinity of the tool tip. Indeed,
a low rake angle makes the work material flow difficult. This promotes the sticking contact at the tool
tip, which results in accumulation of the work material in this zone and hence the BUE formation.

Table 2. Average cutting force, feed force and contact length for different cutting speeds [12].

Cutting Speed (m/min) Cutting Force (N) Feed Force (N) Contact Length (mm)

80 510 375 0.30
95 475 300 0.28

160 450 280 0.26
195 430 265 0.25
320 410 240 0.25
390 405 235 0.23
500 400 220 0.20
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Figure 4. BUE (built-up edge) formation for cutting speed = 60 m/min, feed = 0.1 mm and rake
angle = 0◦.

Additional experimental tests have been done under orthogonal turning to bring out the effect of
cutting speed, with cutting tool angle of 0◦ and feed rate fixed to 0.1 mm/rev. The depth of cut is the
same as in planing process (i.e., 4 mm). Results are reported in Table 2 and Figure 5. The apparent
friction coefficient, reported in Figure 5, is determined as the ratio of feed force by cutting force in the
case of considered rake angle (i.e., 0◦).

1 
 

 

Figure 5. Experimental cutting force (Fc), feed force (Ff), contact length (lc), and apparent friction
coefficient (µapp).
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2.2. Modelling Aspects

In order to reproduce and then analyze observed cutting phenomena (cutting forces evolution,
chips segmentation, and BUE formation), a predictive modelling theory, based on FEM, was developed.
Two formulations (2D LAG-FE and 2D ALE-FE) were developed in Abaqus/Explicit FE code [13] to
represent orthogonal cutting tests. The 2D LAG-FE was developed in order to reproduce the chips
segmentation phenomenon. While the 2D ALE-FE was developed in order to reproduce the BUE
phenomenon. Figure 6 illustrates the two FE models.
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lagrangian-eulerian finite element) models of the orthogonal cutting.

Physical properties of the workpiece and tool materials are given in Table 3.

Table 3. Mechanical and thermal properties of work material and tool [6].

Physical Parameter Workmaterial (AA2024-T351) Tool (WC-Co)

Density, $ (kg/m3) 2700 11,900
Elastic modulus, E (GPa) 73 534

Poisson’s ratio, ν 0.33 0.22
Specific heat, Cp (J/kg/◦C) Cp = 0.557T + 877.6 400

Thermal conductivity, λ (W/m/C) 25 ≤ T ≤ 300 : λ = 0.247T + 114.4
300 ≤ T ≤ Tm : λ = 0.125T + 226 50

Thermal expansion, α (µm·m/◦C) α = 8.9× 10−3T + 22.2 -
Tm (◦C) 520 -
T0 (◦C) 25 25

To represent the of the workpiece material behavior during machining, a Johnson-Cook
thermo-viscoplastic-damage model has been adopted. The flow stress is given as:

σ =
[
A + B (εp)n] [1 + Cln

( .
ε

p

.
ε0

)] [
1−

(
T − T0

Tm − T0

)m]
(1)

The damage behavior is described by a damage initiation criterion and a damage evolution law
up to fracture. The damage initiation criterion is given by:
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ωd =
r dεp

ε
p
d

with 0 ≤ ωd ≤ 1

ε
p
d =

[
d1 + d2e(d3

P
σ )
]

︸ ︷︷ ︸
Stress triaxiality

[
1 + d4ln

.
ε
∗]︸ ︷︷ ︸

Viscosity

[1− d5T∗]︸ ︷︷ ︸
Temperature

(2)

The damage evolution can be expressed by the following relationships:

d =


up

u f
= Lεp

u f
=

2G f Lεp

σ linear evolution

1− exp

(
−

upr

0

σ
G f

dup

)
exponential evolution

(3)

The true stress tensor is defined as:

σ = (1 − d) σ̃ (4)

where σ̃ is the effective stress, representing a stress state that would exist in the material if no damage
occurs. The behavior parameters of the workpiece material are given in Table 4.

Table 4. Johnson-Cook viscoplastic-damage parameters of AA2024-T351 [6].

Viscoplastic Parameters

A (Mpa) B (Mpa) n C m
352 440 0.42 0.0083 1

Damage Parameters

d1 d2 d3 d4 d5 KI
C (MPa·m1/2) KI I

C (MPa·m1/2)
0.13 0.13 1.5 0.011 0 37 26

As the mechanical behavior is affected by temperature, the mechanical plastic work generates
heat flux which results in temperature rise. The heat flux due to this phenomenon is described the
following relation:

.
qp = ηpσ :

.
ε

p
(5)

The contact behavior at the tool-workpiece interface is defined by the relationship between the
normal friction stress σn and the shear friction stress τ f , as follows:

τ f = min (µσn, τmax) (6)

The friction at the contact interface may generate a heat flux which is evaluated by the
following relation:

.
q f = f fη f τ f Vs (7)

The mechanical plastic work of the chip may affect heat exchange at the tool-workpiece interface.
To take account of this energy in the heating of the tool a heat conduction flux,

.
qc, is introduced, so the

heat balance at the interface can be written as follows:
.
q→tool = f f

.
q f +

.
qc

.
q→workpiece =

(
1− f f

) .
q f −

.
qc

with
.
qc = h(Tint−w − Tint−t)

(8)

The tool-workpiece interface parameters depend on the adopted FE model (LAG-FE or ALE-FE).
Particularly, the coefficient of friction (COF) is adjusted to better fit cutting forces.
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3. Results and Discussion

3.1. Cutting Forces Analysis

As illustrated in Figure 7, both FE models effectively predict cutting force and contact length
(upper values with ALE-FE model and lower values with LAG-FE model). However, LAG-FE model
highly underestimates feed force, due to the FE deletion in a thin layer defined between the chip and
workpiece. Indeed, this induces a loss of contact at the flank face which, in turn, induces a loss of
contact pressure acting in the feed direction. The apparent friction coefficient is globally well estimated
by the ALE-FE model, except for the lower cutting speed (80 m/min). While since LAG-FE model fails
to predict feed force, this impacts the apparent friction coefficient (recall that it is defined as a ratio
of feed force by cutting force in the case of rake angle of 0◦). Comparison between LAG-FE model,
ALE-FE model and experimental data is reported in Tables 5 and 6.
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Figure 7. Experimental vs. numerical modelling (ALE-FE and LAG-FE) of (a) cutting force; (b) feed
force; (c) contact length, and (d) apparent friction coefficient.

Table 5. Comparison between experimental data and LAG-FE results.

Vc
(m/min) Fc (N) Ff (N) Lc (mm) µapp

- Exp. Num. Err. (%) Exp. Num. Err. (%) Exp. Num. Err. (%) Exp. Num. Err. (%)
80 510 422 17 375 145 61 0.30 0.29 3 0.74 0.34 53
95 475 408 14 300 118 61 0.28 0.26 7 0.63 0.29 54

160 450 398 12 280 106 62 0.26 0.25 4 0.62 0.27 57
195 430 395 8 265 100 62 0.25 0.23 8 0.62 0.25 59
320 410 397 3 240 87 64 0.25 0.22 12 0.59 0.22 62
390 405 387 4 235 86 64 0.23 0.22 4 0.58 0.22 62
500 400 374 7 220 89 60 0.20 0.22 10 0.55 0.24 57
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Table 6. Comparison between experimental data and ALE-FE results.

Vc
(m/min) Fc (N) Ff (N) Lc (mm) µapp

- Exp. Num. Err. (%) Exp. Num. Err. (%) Exp. Num. Err. (%) Exp. Num. Err. (%)
80 510 600 18 375 296 21 0.30 0.35 17 0.74 0.49 33
95 475 520 9 300 280 7 0.28 0.31 11 0.63 0.54 15

160 450 500 11 280 272 3 0.26 0.31 19 0.62 0.54 13
195 430 492 14 265 260 2 0.25 0.29 16 0.62 0.53 14
320 410 448 9 240 248 3 0.25 0.26 2 0.59 0.55 5
390 405 440 9 235 240 2 0.23 0.24 4 0.58 0.55 6
500 400 400 0 220 232 5 0.20 0.21 5 0.55 0.58 5

At first view, the ALE-FE gives better results, since it effectively predicts both cutting force and
feed force. However, this is not sufficient, since the capability of each model should be analyzed
regrading other phenomena, like reproducing continuous or segmented chips and BUE formation.
This is what is developed in the two following sections.

3.2. Chip Morphology-Segmented vs. Continuous Chip

To analyze finely the chip morphology, particularly chip segmentation phenomenon, orthogonal
cutting tests performed on a planer machine (see Figures 1a and 3) were firstly simulated with LAG-FE
model. The model is able to reproduce non-continuous chip, like chip segmentation. This should
highlight the effect of cutting conditions (cutting speed, feed, and tool-rake angle) on the chip
morphology, especially on the chip segmentation phenomenon.

The chip morphology often carries the signature of correct behavior chosen in simulations. From
Figure 8, it can be seen that simulated chips are in good agreement with what it is observed by CCD
camera. For the small feed (0.1 mm) continuous shape is obtained regardless of rake angle. For the
large feed (0.3 mm) segmented chips are well reproduced for both rake angles.
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To quantify the chip morphology some parameters are introduced as follows:

fs =
Vc
ls

SIRg = ∆h
f = hmax−hmin

f

SIRl =
ε

p
in
ε

p
out

(9)
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where fs and ls are the chip segmentation frequency and the distance between two successive segments.
Note that these are only indicators of the apparition of successive shear localization bands in the chip,
but it does not give information about the intensity of the segmentation phenomenon. So for this
purpose SIRg and SIRl parameters are defined. SIRg is the global segmentation intensity ratio and
SIRl is the local segmentation intensity ratio. hmax and hmin are the maximum and minimum chip
thickness, respectively. εp

in and εp
out are the plastic equivalent strain in and out of the shear band,

respectively. Geometric parameters for the assessment of defined chip morphology parameters are
illustrated in Figure 9.
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Figure 10 shows the evolution of classical chip segmentation parameters fs and ls with
cutting speed. fs Increases quasi-linearly with cutting speed for each tool rake angle, while ls is
quasi-insensitive to the cutting speed. However, effect of the rake angle is not negligible and influences
both fs and ls Indeed, increasing the rake angle decreases the chip segmentation length, so the slope of
fs curve as function of cutting speed increases when the rake angle increases. The consequence of this
is that the gap ∆ fs = fs(15◦)− fs(0◦) increases when cutting speed increases. Globally, fs and ls give
an indication on the number of shear bands within the same chip length, but these two quantities are
not sufficient to quantify the chip segmentation, since they do not give an indication on the intensity
of the phenomenon.Metals 2016, 6, 197  10 of 15 
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Figure 10. Segmentation length vs. segmentation frequency as function of cutting speed, for fixed feed
(0.3 mm) and two rake angles (0◦ and 15◦).
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Hence, to quantify the intensity of chip segmentation phenomenon, introduced SIRg and SIRl
parameters were assessed. As shown in Figure 11, these two parameters increase with cutting speed
and tend to stagnate at high cutting speed. This confirms that increasing cutting speed promotes the
chip segmentation, as was often observed in experimental tests. Hence, these parameters are adequate
to quantify the intensity of chip segmentation phenomenon. In addition, Figure 11 brings out the close
link between chip segmentation intensity and average cutting force. For each rake angle, as cutting
speed increases, average cutting force decreases and SIRg and SIRl parameters increase. This confirms
that the chip segmentation phenomenon is at the origin of the cutting force reduction when machining
aluminum alloy AA2024-T351.
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Figure 11. Correlation between average cutting force and segmentation intensity ratio: (a) SIRl and
(b) SIRg.

3.3. Built-Up Edge Formation-Time-Dependent Friction

The BUE phenomenon can be considered as the consequence of a gradual increase of the friction
at the tool-chip interface up to reach a critical level leading to a complete or partial sticking contact
at the tool-chip interface. The proposed idea to analyze the process of BUE formation consists to
vary the local coefficient of friction (COF), defined as the ratio of frictional stress by contact pressure
(see Equation (6)), during the chip flow on the rake face. This is physically an admitted assumption,
since the BUE corresponds to the adhesion of the work material at the rake face close to the tool tip.
Between the time where the cutting process is stable and the time where the BUE is formed, the friction
evolves from a certain value to a higher one that induces the adhesion of the work material on the
rake face.

Different possibilities can be proposed for the evolution of the friction at the contact interface.
Here two cases were considered, corresponding, respectively, to an abrupt change and a gradual
evolution of COF. The effect of friction change on BUE formation was investigated by examining
particular cutting forces and the work material flow velocity on rake face. The ALE-FE model was
adopted to simulate the cutting process with varying COF. The simulated cutting case is the reported
one in Figure 4, where the BUE was observed by the CCD camera.

One possible mechanism of BUE formation is an abrupt change of the friction at the tool–chip
interface. Two successive steps are then defined. In the first one (step 1), the cutting process was
simulated with COF equal 0.2. In the followed step (step 2), the simulation is continued with COF
equal 0.4 or 0.6. The impact of this abrupt change of COF on BUE formation is highlighted in Figure 12,
through the work material flow velocity at the secondary shear zone. It can be deduced from Figure 12
that the work material flow velocity is affected by the increase of COF. The change in work material
flow is more pronounced for a higher COF in the second step (i.e., COF = 0.6). The sticking zone
becomes large as the friction is higher. For the low friction, (COF = 0.2 in step 1) a negligible sticking
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zone can be noticed and, consequently, no BUE can form. Therefore, it can be deduced that a change in
the nature of the tool-work material contact have a direct effect on the BUE formation.

Metals 2016, 6, 197  11 of 15 

 

friction evolves from a certain value to a higher one that induces the adhesion of the work material 

on the rake face.   

Different possibilities can be proposed for the evolution of the friction at the contact interface. 

Here  two cases were considered, corresponding, respectively,  to an abrupt change and a gradual 

evolution of COF. The effect of  friction change on BUE  formation was  investigated by examining 

particular cutting forces and the work material flow velocity on rake face. The ALE‐FE model was 

adopted to simulate the cutting process with varying COF. The simulated cutting case is the reported 

one in Figure 4, where the BUE was observed by the CCD camera. 

One possible mechanism of BUE formation is an abrupt change of the friction at the tool–chip 

interface. Two successive steps are  then defined.  In  the  first one  (step 1),  the cutting process was 

simulated with COF equal 0.2. In the followed step (step 2), the simulation is continued with COF 

equal 0.4 or 0.6. The impact of this abrupt change of COF on BUE formation is highlighted in Figure 

12,  through  the work material  flow velocity at  the secondary shear zone.  It can be deduced  from 

Figure 12 that the work material flow velocity is affected by the increase of COF. The change in work 

material flow is more pronounced for a higher COF in the second step (i.e., COF = 0.6). The sticking 

zone becomes large as the friction is higher. For the low friction, (COF = 0.2 in step 1) a negligible 

sticking zone can be noticed and, consequently, no BUE can form. Therefore, it can be deduced that 

a change in the nature of the tool‐work material contact have a direct effect on the BUE formation. 

Step‐1  Step‐2 

0.2loc 

Low sticking zone 

0.4loc 

Moderate sticking zone 

0.6loc 

High sticking zone 

Figure 12. Effect of COF (coefficient of friction) on the material flow velocity at the tool‐chip interface. 

In addition, the abrupt change of the COF also has a significant effect on cutting and feed forces, 

as shown in Figure 13. So increasing COF increases cutting and feed forces. The chip flows with more 

difficultly at the rake face, resulting in the increase and fluctuation of cutting forces. Note that feed 

force is more affected by the friction change (see from Figure 13b), since it is in the direction of the 

friction stress on the rake face (rake angle = 0°). 

Figure 12. Effect of COF (coefficient of friction) on the material flow velocity at the tool-chip interface.

In addition, the abrupt change of the COF also has a significant effect on cutting and feed forces,
as shown in Figure 13. So increasing COF increases cutting and feed forces. The chip flows with more
difficultly at the rake face, resulting in the increase and fluctuation of cutting forces. Note that feed
force is more affected by the friction change (see from Figure 13b), since it is in the direction of the
friction stress on the rake face (rake angle = 0◦).Metals 2016, 6, 197  12 of 15 
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Figure 13. Effect of an abrupt change of COF on (a) the cutting force and (b) the feed force.

The second possible mechanism of BUE formation corresponds to a gradual evolution of the
friction at the tool-work material interface during chip formation. This is represented by the increase
of COF gradually (increment of 0.1 is taken) from 0.2 to 1. This assumes that BUE is formed when the
friction increases gradually to a higher level that leads to a complete adhesion of the work material
at the rake face (sticking contact). According to Figure 14, the process of BUE formation can be
viewed from the evolution of work material flow velocity with COF. The gradual increase of the
friction increases the amount of the sticking zone. This later represents the work material having low
flow velocity at the tool-chip interface. So the variation of the sticking zone with the friction can be
correlated with the BUE formation.
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Figure 14. Effect of a gradual evolution of COF on the work material flow velocity at the tool-chip
interface (increase of the sticking zone).

The gradual increase of the friction also affects cutting forces, as shown in Figure 15, with more
effect on feed force. The apparent friction coefficient follows the same trend as feed force. Globally,
the ratio of the sticking by the sliding contact increases as the friction increases. For high friction,
the sliding of the work material layer at the tool-chip interface is practically controlled by the shear
flow stress of the work material (i.e., τ f = τ in Equation (6)). According to Figure 15, the average
contact length follows the same trend as the apparent friction coefficient. It increases until reaching a
quasi-saturated level. So the BUE formation can be related mainly to the dominant sticking contact at
the tool-chip interface.Metals 2016, 6, 197  13 of 15 
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Figure 15. Evolution of average cutting and feed forces, apparent friction coefficient, and average
contact length with COF.

4. Conclusions

Machining aeronautical aluminum alloy AA2024-T351 in dry conditions was investigated. Cutting
forces, chip segmentation, and built-up edge formation were analyzed. The main concluding remarks
are as follows:

(1) Measured cutting forces evolve highly at low cutting speeds for fixed feed and tend to stabilize
rapidly at about 100 m/min. LAG-FE and ALE-FE models predict well cutting force, but LAG-FE
model fails to predict feed force.

(2) Chip segmentation depends highly on the tool rake angle and the uncut chip thickness.
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(3) Using LAG-FE model, it is shown that there is a close link between cutting forces evolution and
chip segmentation intensity. So, chip segmentation phenomenon reduces the average cutting
forces, but its fluctuation increases.

(4) The BUE can be explained by the contact/friction change at the tool–work material interface
during cutting. The ductility of aluminum alloy AA2024-T351 also promotes BUE formation.

(5) The BUE can be modeled by making the friction coefficient time-dependent. This is done in
the ALE-FE model. So, the sticking zone becomes larger with the increase of friction coefficient.
This condition promotes the BUE formation, but there is no unique scenario of friction evolution
as BUE occurs.

Author Contributions: M.N. performed the experiments; B.H., S.A., and A.M. analyzed the data; B.H. wrote
the paper.

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

Abbreviations

The following abbreviations are used in this manuscript:

Vc cutting speed (m/min)
f feed (mm)
α, γ tool-rake and clearance angles (◦)
Fc, Ff cutting and feed forces (N)
lc contact length (mm)
hmin contact length (mm)
hmax maximum chip thickness
ls chip segmentation length
fs chip segmentation frequency
SIRg global segmentation intensity ratio
SIRl local segmentation intensity ratio
σ Cauchy stress tensor (MPa)
σ̃ effective stress tensor (not affected by damage)
ρ material density (kg/m3)
E, ν Young modulus (GPa) and Poisson’s ratio
A, B, C, m, n Johnson-Cook flow stress parameters
εp von Mises equivalent plastic strain
.
ε

p
von Mises equivalent plastic strain-rate

.
ε0 Reference equivalent plastic strain-rate
σ von Mises equivalent stress (MPa)
ωd damage initiation criterion
d damage variable
G f fracture strain energy
σn contact pressure (MPa)
τ f friction stress (MPa)
COF local friction coefficient
µ-app apparent friction coefficient
τmax shear stress limit (MPa)
Vs sliding velocity at the tool-workpiece interface (m/s)
T temperature (◦C)
T0 reference ambient temperature (◦C)
Tm melting temperature (◦C)
Tint−t tool temperature at the tool-workpiece interface (◦C)
Tint−w workpiece temperature of at the tool-workpiece interface (◦C)
λ thermal conductivity (W/m/◦C)
cp specific heat capacity (J/kg/◦C)
α thermal expansion (µm/m/◦C)
ηp plastic work conversion factor (Taylor-Quinney factor)
η f frictional work conversion factor
f f heat partition coefficient
h heat transfer coefficient (kW/m2/◦C)
.
qp volumetric heat generation due to plastic work (W/m3)
.
qc heat conduction flux at the tool-workpiece interface (W/m2)
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.
q→tool heat flux going into the tool at the tool-workpiece interface (W/m2)
.
q→workpiece heat flux going into the workpiece at the tool-workpiece interface (W/m2)
Exp. experiment
Num. Numerical
Err. error (%)
Max. Maximum
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