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Abstract: A numerical study of the effects of friction conditions on the formation of dead metal
zone (DMZ) is presented. The friction conditions are classified as three different cases in the
form of coefficient: (1) constant coefficient of friction, (2) ‘smooth’ and ‘sharp’ change of the
friction coefficient and (3)time-dependent friction coefficient. These friction cases are
numerically investigated using the finite element (FE) code ABAQUS/Explicit. A FE model
based on the arbitrary-Lagrangian-Eulerian approach is developed to simulate the cutting
process and investigate the influences of the friction conditions. The simulated results, for a
wide range of friction conditions, are obtained, analyzed and compared with previously
published experimental/numerical data. It has been found that the friction coefficient has a
direct effect on the amount and shape of DMZ, the sharp change of coefficient has a larger
effect on the DMZ formation than the smooth one, and the formation of DMZ is more

determined by the value of the friction coefficient than its duration.
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1. Introduction

The tool edge geometry is of crucial importance during the machining process. For a given
cutting condition, the tool edge geometry has significant influences on the cutting forces, tool
wear or tool life, chip formation and machined surface integrity (Fulemova and Janda, 2014).
Associated with the tool edge geometry there is also an interesting phenomenon called the
formation of “dead metal zone” (DMZ) in the vicinity of tool edge during the continuous
ductile-metal cutting process. The DMZ is formed under the tool edge and acts as a new cutting
edgeto prevent the tool edge from wear and affect the roughness of the machined surface
(Jacobson and Wallén, 1988). After cutting, the DMZ deposits on the rake face of theatool in
form of built-up edge. Most of the literatures are focused on the built-up edge, such as (Atlati
et al., 2015; Childs, 2013; lwata and Ueda, 1980; Kimmel et al., 2015; Kummel et al., 2014;
Oliaei and Karpat, 2016; Uhlmann et al., 2015), whilst only few of them investigated the DMZ.
In contrast, the DMZ phenomenon has been studied in extrusion machining for a long time,
such as (Alexandrov et al., 2001; Eivani and Taheri, 2008; Lee et al., 2012; Misiolek and Kelly,

1993; Misiolek and Kialka, 1996; Qamar, 2010; Segal, 2003a).

The DMZ phenomenon was firstly investigated in 1988 by Jacobson and Wallén et al.
(Jacobson and Wallén, 1988; Jacobson et al., 1988; Wallén et al., 1988). They proposed a
classification for the DMZ based on the localization of two separating cracks that result in the
chip and machined surface respectively. Meanwhile, they concluded that the form and size of
DMZ is unstable as it could crack partially or sometimes completely under thermo-mechanical

effects to largely influence the cutting process and the integrity of the machined surface. Hirao



et al. (Hirao et al., 1982) and Zhang et al. (Zhang et al., 1991) concluded from thmexjz
findings that the chip thickness is not affected by the chamfer angle because of the DMZ, which
can effectively fill in the missing edge under the chamfer and act as the cutting edge.
Movahhedy et al. (Movahhedy et al., 2002) conducted several thermo-mechanical adaptive
Lagrangian-Eulerian (ALE) simulations of chip formation in cutting prezesgth different

types of chamfer tools. They observed the phenomenon of DMZ formation in the FE
simulations and concluded that the chamfer angle has no influence on the chip formation
significantly due to the existence of DMZ. Later, Karpat and Ozel (Karpat and Ozel, 2007)
proposed a novel analytical model of the DMZ in high-speed machining with chamfered tools.
They found that the DMZ exists under the chamfer edge or in the vicinity of the worn part in
different cutting conditions, and concluded the DMZ mostly depends on the geometrical profile
of the tool edge instead of the cutting variables. Wan and Wang (Wan and Wang, 2015)
investigated the effects of tool edge geometry and friction coefficient on the formation of DMZ
by FE simulations and experimental validations. They found the tool edge and friction
coefficient are both responsible for the DMZ formation. Afsharhanaei et al. (Afsharhanaei et
al.) carried out experiments and simulations on AISI 1045 to investigate the effects of the
formation of dead metal cap on the machining process outputs (i.e. cutting forces, thrust forces
and chip thickness), stress distributions and temperature fields in orthogonal micromachining.
They found that the process outputs are highly dependent on the formation and geometry of
dead metal cap and the accuracy of Biepredictions can be significantly improved by
introducing the dead metal cap.

During the metal cutting process one of the most important issues is the tribological
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behaviow at the tool-chip interface and its effects on the machining process variables.
Theoretically, Zorev (Zorev, 1963) proposed a friction model, in which the contactizone
divided into two regions, as shown in Fig. 1. The first zone is a sticking zone where the normal
stress decreases slowly from the tip of tool to the separation point of the chip and the tool. The
second one is a sliding zone where the frictional shear stress remains the same until the end of
the sticking zone and then decreases from the beginning of the sliding zone towards the same
position where the normal stress vanishes. The same trend was validated experimentally by
Usui and Takeyama (Usui and Takeyama, 1960), where both the frictional and normal stresses
were measured, and by Yamaguchi and Yamada (Yamaguchi and Yamada, 1972) with a unique
dynamometer. Wu et al. (Wu et al., 1996¢dified Zorev’s model by assuming that equal

lengths of the sticking and sliding zones , while the frictional shear stress has certain
relationship with the stressin the sticking zone and linearly decreases down to zero in the

sliding zone.
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Fig. 1. Distributions of normal and frictional stresses on the tool rake fa@edn’s friction
model (Zorev, 1963)
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On the other handsE method has been used to analyse the mechanism of DZM. Arrazola and
Ozel (Arrazola and Ozel, 2010) investigated the tribological behawvoring the cutting
process of homogeneous isotropic metal uamgLE approach with Eulerian and Lagrangian
chip boundaries. They found that in the ALE model with Eulerian boundary, the obtained
results are the same for both Coulomb friction model and sticking-sliding friction model when
the maximum shear stress is set to be higher than 500 MPa. Ozel (Ozel, 2006) studied the
effects of various friction models by introducing friction coefficient based models in their FE
simulations. Filice et al(Filice et al., 2007) compared three friction models, i.e. Coulomb
friction law, constant shear model and Zorev’s model (Zorev, 1963), and found that the main
mechanical outputs (i.e. cutting forces, contact length, chip thickness and so on) are not
sensitive to the friction model, whilst the temperature fisldensitive since the friction
determines the heat generated at the rake face. HaddafHaddag et al., 2014a; Haddag et

al., 2014b) found that tribological behaviat the tool-chip interface is largely influenced by
tool edge geometry, which results in the deposit of the built-up edge (BUE) on the grooved
rake face, even when the multilayer coating was used. Recently, Atlati et al.€Palat?015)
investigated the effects of friction coefficient and tribology behaviour on the formation of BUE
when cutting ductile metals. They considered the effects of an abrupt change addah gra
evolution of the friction coefficient on the BUE formation as well as the sticking zone length
and the plastic strain in the second deformation zone. Similar friction problems also exist in
extrusion processes as well, for example, Segal (Segal, 2003b) studied the effetdseot dif
friction conditions on the non-uniform, variable deformation modes and complicated loading

history. And they found that the friction at material-wall interface and DMZ can be eliminated



by the movable channel walls which change the extrusion processing mechanisms. These
approaches can be applied to investigate the DMZ formation under the effects of different
friction conditions. In addition, there are several differences and similarities between the BUE
and the DMZ, as shown in Fig. 2. The BUE mainly exists on the rake face of tool with any
geometry while DMZ mainly occurs under the tool edge of a chamfer tool. For example, it is
easy to find the BUE phenomenon with a round tool under a cutting condition while it is hard
to recognize the DMZ as the round edge helps to enhance the material flow. Moreover, the
DMZ only occurs during the cutting process and would remain on the rake face of tool in the

form of BUE after cutting.

e

Workpiece

Fig. 2 Comparisons between (a) BUE (Atlati et al., 2015) and (b) DMZ (Jacobson and
Wallén, 1988).

Despite many efforts have been made to understand the friction mechanism in different
machining processes or during the BUE formation, the tribological bemasistill difficult
to evaluate experimentally due to the intensive thermo-mechanical loading in a very small
region, where the coefficient of friction cannot be measured directly. For this reason, this paper

aims to numerically investigate the effects of different friction conditions on the formation of
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DMZ during the cutting process, which could htdgoetter understand the mechanism of the
DMZ formation and potentially optimize the geometrical design of extrusion. For this purpose,
three different friction conditions defined by friction coefficient are considered, including
constant friction coefficient, gradual and abrupt change of friction coefficient and time-
dependent friction coefficient. A 2D ALE finite element model of cutting prasesstablished

to predict the DMZ formation. The simulation results are discussed to interpret the effects of

the different friction conditions on the thermo-mechanical fields around the DMZ.

2. Finite Element Modelling of DMZ

A cutting process usually involves complex phenomena, which often necessitate humerical
approaches to reproduce them and then to analyze the effect of pertinent parameters. To analyze
the DMZ formation in machining, a FE model is developed afttus on the effect of friction

conditions. The model is described hereafter and the friction conditions are defined afterward.
2.1. Finite Element Modelling of Orthogonal Cutting

A 2D plane strain ALE FE model for orthogonal cutting is illustrated in Fig. 3. A similar model
has been validated for simulating the deformation of continuous chips under a steady state
cutting in our previous work (Wan and Wang, 2015). Compared to the model in (Wan and Wang,
2015), this model in Fig.3 has a larger uncut chip thicknesa bweer cutting speed in order

to acquire DMZ more easily. The FE model consists of a deformable workpiece (20 mm of
length, 10 mm of height, and 1 mm of uncut chip thickness), and a tool (rake angle of 10°,
clearance angle of 7° and chamfer with 0.25 mm). A chamfer tool is utilized in this model as

the DMZ formation with the chamfer tool is much easier to be obtained, cedtpasharp,
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double chamfer and blunt tools (Movahhedy et al., 2002; Wan and Wang, 2015). Considering
the stability of the formation of DMZ, the cutting speed is set to 1 m/s. The workpiece is meshed
with combined strain thermo-mechanical four-node quadrilateral elements (CPE4RT) and the
tool is meshed with 3-nodes plane strain thermo-mechanical coupled triangle elements
(CPES3T). A typical refined mesh is applied in the primary deformation zone (PDZ), chip
surfaces and in the tool as shown in Fig. 3. An automatic remeshing method is applied to avoid
excessive distortion of elements in the primary and secondary zones during the simulation. Fig.
3 also shows the basic geometry with boundary conditions. At the boundaries of the workpiece
which are defined by Eulerian method, material enters from the left with a specified cutting
speed and exists at the right boundary as well ashih& top surface, while the tool is fixed
Elemens at the left and right hands of the workpiece are constrained in the cutting direction
(X direction) to control the Eulerian boundaries as same aipig top in the feed direction

(Y direction). At the surface of the workpiece there is no constraint and the mesh in that region
moves with the material imLagrangian way. The initial shape of the chip can evolve fteely

satisfy the cutting condition (Haglund et al., 2008).

rake angle

@ Constraint on material

6 Constraint on mesh

chamfer

width clearance angle

CPE3T

CPE4RT



Fig. 3.2D-ALE FE model (plane strain condition) for orthogonal cutting with a chamfered
tool.

2.2.Material Modd

The thermo-mechanical behaviour of the work matésigbverned by the classical Johnson-

Cook flow stress law (Johnson and Cook, 1983), given as follow:

5= A+ B§”][1+C In[‘%ml_({n_—; ﬂ

where O is the equivalent flow stres€, the equivalent plastic strairf  the equivalent

1)

T

plastic strain rate,c the reference strain rate] the temperature,™ the reference

temperature,Tm the melting temperature? the strain hardening coefficient the strain-

rate sensitivity coefficient, and™ the thermal softening coefficient. Johnson-Cook

parameters of the machined metal AISI 4340 are listed in T}able 1 and material properties for

the workpiece and tool are listed in Table 2 (Arrazola and Ozel, 2010).

Table 1. Johnson-Cook viscoplastic parameters of AlSI 4340 (Arrazola and Ozel,

A (MPa) B (MPa) n C m Z,

792 510 0.26 0.014 1.03 1
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Table 2. Physical properties of workpiece and tool material (Arrazola and Ozel, .

Properties Workpiece Toql
(AISI 4340) (Carbide)

Density (kg.nv) 7850 15000
Young’s modulus (GPa) 208 800
Poisson ratio 0.22 0.2
Conductivity(W.m!.°C?) 445 46
Specific heat (J.k§°C?) 477 203
Thermal expansion coefficient (¢ 1.23x10° 4.7x10°
Reference temperature (°C) 25 25
Melting temperature (°C) 1460 -

2.3.Friction Model

The friction model has a significant impact on simulated thermo-mechanical quantities in metal
machining (e.g. stress, strain and temperature and flow velocity distributions). In this study we
adopt the Zorey model (Zorev, 1963) as already shown in Fig. 1, in which the maximum
normal stress occurs at the edge of tool to allow chip separation from the workpiece. The
normal stress decreases gradually from its maximum down to zero when the chip leaves the
tool under the deformation and friction. The friction stress stays theatdiaesticking region

on the tool rake face, and then gradually decreases to zero in the sliding zone.

Considering the sticking and sliding behaviour at the tool-chip interface, the friction during

the cutting process can be governed by the Coulomb-Orowan law, expressed as follow:

T, = min(,mo-n i = m.&/x/é) 2

where ©' is the friction (sliding) stress?n the normal friction stress? the flow stress of
the work material,! the COF, “im the friction (sliding) stress limit, andM the friction

limit factor. When ' ~ % there is a sliding contact, else (i.@f. :r"m) thereis a sticking
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contact.

3. Friction Conditionsfor the Analysis of DMZ

Atlati et al. (Atlati et al., 2015) proposed a time-independent friction coefficient to investigate
the effects of an abrupt or gradual evolution of coefficient on the cutting process. Based on this
approach, three different friction conditions are considered in this study: (i) constant friction
coefficient, (ii) three friction coefficients with smooth or sharp changes and (iii) clenge
friction coefficient with time (time-dependent friction). Table 3 shows the schematic diagrams
for the later two friction conditions.

Table 3. lllustration of different friction conditions.

Friction condition Schematic diagram
(a) Friction coefficient with smoothor COE,
sharp changes Lo
081 _- == Case 3
0.6 ———— Case2
L —_—— =
04 -4;:,—— Case 1
|
0.2
0 ' : ——»  Step
1 2 3
(b) Change of friction coefficient with tim
COF Case 1
A Case? —=r=r
0.4 ] . Case3 — - —
0.2 A
; ‘ . Step Time
12 3 4 5 6 (x10%)

3.1. Constant friction coefficient
In the first friction condition, a constant friction coefficient is implemenmtéal the Coulomb
friction model to investigate the tribological behaviour at the-tdop interface. Sensitivity

study of ten different friction coefficients, ranging from 0.1 to 1, is conducted to evaluate the
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effects on the DMZ formation as well as the cutting process.

3.2. Friction coefficient with smooth or sharp change

In the second friction condition, the friction coefficient in the Coulomb friction model is not
considered as constant but increases with the computation steps during each FE simulation of
the cutting process. The initial value of the friction coefficient is set to 0.2 and three different
increments are considered, i.e. 0.1, 0.2 and 0.3. The first case with an increment of 0.1
represents amooth change’ of the friction, whilst the rest two cases represent relatively ‘sharp

change’ of friction, which can be found in the Table 3(a).

3.3. Change of friction coefficient with time

In the third friction condition, the friction coefficient varies witime to investigate the effects

of the duration of friction on the DMZ formation, which is shown in Table 3(b). The friction
coefficient increases from 0.2 to a certain value and remains constant for different periods of
time before dropping down to the original value. Here in this study, in step one, the coefficient
is 0.2 for 0.002s, while in step two it increases to 0.4 and lasts for 0.001s, 0.002s and 0.003s,
respectively, and eventually descends to 0.2 and lasts for 0.003s, 0.002s and 0.001s,
respectively. The total time foeach FE simulation is 0.006s. These changes of friction
coefficient will directly influence the DMZ formation, as indicated by the shape of DMZ and

the evolution of cutting forces during the cutting process hereafter.

4. Resultsand discussion

4.1 Formation of the DMZ
The existence of the DMZ in the vicinity of tool edge is a very interesting phenomenon when
studying the metal cutting process, because it just occurs during the cutting process, disappears

when the cutting process is completed and finally stays on the rake face of toié tipar
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resulting in the BUE. The formation of DMZ investigated with the distributions of velocity

field and some other quantities (e.g. stress and sftrain)| Fig. 4 shows the distribution of flow

velocity, stress and temperature fields in theFEsimulations with a cutting speed of 1 m/s.

Fig. 4(a) shows that the material flow is blocked due to the existence of the tool chamfer and

tends to fillin the spare space to form the DMaging as a local cutting edge to protect the
tool edge from wear. The highest Von Mises stress is observed in the PDZ , spanning from the

end of free surface on workpiece to the edge of the DMZ as sh¢own i\n Fig. 4(b).] The DMZ at

the chamfered tool tip changes the position of the PDZ compared to those without DMZ

formation| Fig.|4(c) shows that the regions with maximum temperature locates at the second

and third deformation zones as well as around the chamfer edge of the tool, as a result of the
combined effects of friction heat and plastic deformation energy which is converted to heat in

these regions.

primary deformation Zone | ¢ e (Pa) second deformation zone
(Avg: 75%) ()
+4.478e+09

(a) W, Magnitude (m's)

+1.092e-+00 (b)
+1.001e+400
+9.099e-01
+5.189%e-01
+7.279e-01
+6.370e-01
+5.460e-01
+4.550e-01
+3.640e-01
+2.730e-01
+1.820e-01
+9.099e-02
+0.000e+00

TEME (K)

(Avg: 75%)
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+1.079e+03
+1.001e+03
+3.234e+02
+8.4548+02
+7.675e+02
+6.8968+02
+6.1168+02
+5,337e+02
+4,5508+02
+3.770e+02
+2.999e+02

+0.,0008+00 third deformation
zonge

Fig. 4. Distribution of (a) flow velocity field, (b) Von Mises stress and (c) temperature during

chip formation . =1 m/s andd,,.,, =1 mm, COF=0}%

4.2.  Effect of constant COF on DMZ
Considering the formation of DMZ occurs near the tool tip where there are some physical and
chemical phenomena due to the strong contact, so the influences of the friction conditions on

its formation need to be investigated. In this stadyarea that contairsvelocity of material

less than 10% of the working velocity is assumed t@a BMZ. |Fig. b shows the effect of

constant COF on the DMZ formation under cutting speed of 1 m/s. It is shown that the increase
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of COF can result imnincrease of the size of DMZ. This is due to the severe friction at the
interface between tool and chip, which makes material in the chip flow mucér laati an

increase of material accumulation around the edge. The difference between the flow velocity

fields in the DMZ, as shown |in Fig. 5, is not significant which suggests a small change of the

COF does not affect the DMZ formation. It is obvious that the DMZ formation is easier to

occur under a higdr friction coefficient.
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Fig. 5. Flow velocity field for constant COF (0.1 to 0.9).
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Fig. 6. Plastic strain field for constant COF (0.1 to 0.9).

In addition, a similar effect of the COF on the equivalent plastic strain field for different

frictions (COF from 0.1 to 0.9) can be observed in Fig. 6. It can be found that the maximum

strain increases from 4.4 to 11.4 when COF g@fsem 0.1 to 0.9, suggesting the material
enduresa severe deformation at interface between tool and chip which slows down material

flow at the interface and in the vicinity of the edge where the DMZ occurs

Meanwhile, the increase of plastic strain due to the deformation and friction can result in the
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increase of maximum temperature in all three deformation zones. The same trend can be found

in [Fig. |7, which presents the temperature fields with different COFs. The maximum

temperature in the secondary zone and around the tool tip increases largely from 1260 K to
1472 K when the COF increases from 0.1 to 0.9, which promotes the adhesion of the material
under the tool chamfer and consequently leads to the deposit of BUE on the tool rake face

(formation of built-up layer).
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Fig. 7. Temperature field for constant COF (0.1 to 0.9).

The effect of friction at the tool-chip interface on the magnitude of cutting and thrust
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forces is also investigated, as reported in [Fig. 8. The forces fluctuate slightly during the

simulations probably because of the adaptive meshing used in the ALE FE model. Meanwhile
the increase of the thrust force (130%) is two times larger than the cutting forcea®té

COF increases from 0.1 to 1. It can be concluded that the thrust force, compared to the cutting
force, is more dependent on the COF, which is in accordance with the size of DMZ. Increase
of the DMZ makes the material flow more difficult to form the chip during the cutting process

and hence lifts up the thrust force.

(a) 1400 - i
e e e
; * v S e * A * G * |+—u=1.0
o i P E 750 | : MNP o o S : u=0.9
—* o i Y oo *u=0.9 o - Sy SRR | :
Z 1200 -~ e e Z [ A
z et e » o+ u=08 < i :_: Py SR E e I P B
= e, g . e . » e u=07 2 ' 3 > * s =0.
2 > b e g «| *» u=0.86 5 600 L T e B "
2 P — i u=0‘5 e L T S 1« =05
= [ T e e _0'4 - i * T vy v | u=04
£ 1000 - . b e e B o S a|4—u=03
= R e i e I T N ) O il =0,
O — . o U=0.2 e T vl s
ol g iiog M g WO, [ Wi ; » e e S u=0.1
M W -
——a T e w"." i L ! I 1
800 Al ! ' : : : o i
o 1 2 3 4 5 8 (10 MR8
Time (s) L

Fig. 8. Effect of constant COF on (a) cutting force and (b) thrust force.

4.3.Effect of smooth and sharp changes of COF on DMZ

The second friction condition involves smooth and sharp changes of COF during the cutting
process. Details of this condition are repoitedable 3. The increment of COF is taken from

0.1 to 0.3, which can be regarded as smooth or sharp change, such as (0.2, 0.3, 0.4) for smooth

change, and (0.2, 0.4, 0.6) and (0.2, 0.5, 0.8) for sharp change.
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Table 4. Flow velocity field for smooth and sharp changes of the COF.

Step 1 =1.8 ms (m/s)

Step 2 =1.8 ms (m/s)

Step 3=1.8 ms (m/s)

a u=20.2

W, Magnitude

=
w

ORMNRENDNDORNWL R

CoooooOOR PR

bl u=03

cl u=04

W, Magnitude

i
w

OHMWEODDOO R

CODD00DDOH P

W, Magnitude

ORMRrNDNDORNLE

[=E=Y=p= Y=Y == T =Py

b2 u=04

c2 u=20.6

Y, Magnitude

W, Magnitude

b3 u=05

c3 u=08

Y, Magnitude

Y, Magnitude
1.41

Table 4 shows the effect of smooth and sharp changes of the COF on the flow velocity
distribution around the tool tip. In these simulations, three steps are defined. Every step lasts 2
ms and the screenshot images are taken at 1.8 ms in each case. From the first set of simulations
(Table 4(a)-(b1)-(cl)), the size of the DMZ increases gradaallye COF increases from 0.2
to 0.4 with an increment of 0.1. At the end, the DMZ formed under the tool chamfer, resulting

in the deposition on the rake face in the form of the BUE. But from the second set of the
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simulations (Table &)-(b2)-(c2)), when the COF varied from 0.2 to 0.6 with an increment of
0.2, the shape and size of the DMZ varies largely, increasing to the largest when tis® @OF i
and then decreasing back to a small one. This iretittzit the DMZ accumulates to a certain
degree and then cracks and vanishes along with the material flow. Indeed, the DMZ size in
Table 4(c2) with the coefficient of 0.6 is almost same as the one in Table 4(a) with the
coefficient of 0.2, suggesting that the formation of the DMZ is unstable and sometimes cracks
during the process. For the third case that represes&vere friction change, the DMZ
formation increases significantly, as reported in Table 4(a)-(b3)-(c3). The shape of the DMZ
Table 4(c3) is very similar with the one in Table 4(c1), suggesting more material deposit on the
rake face at the end of cutting, leading to the BUE. Considering the increment of the COF, it
can be concluded that a large gap of friction coefficient between two adjacent steps generally
results in a large accumulation of the DMZ. As the simulation advances, the DMZ varies in
both form and size, illustrating its instability during the cutting process, which can also be

found in Jacobson and Wallén (Jacobson and Wallén, 1988).
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Table 5. Plastic strain field for smooth and sharp changes of the COF.

Step1=1.8ms Step2=1.8ms Step3=1.8ms
bl =03 cl u=04
?ESS 759 (pfsg TE9)
a u=20.2 b2 u=04 c2 u=20.6

PEEC
(Avg 7590)

PEEC)
{Avg: 75%)

b3 u=0.5 c3 u=08

FEEC
{Avg: 7596
17.69
16.22
14.74

FEEQ
{Avg: TE%)

Friction change also has an effect on the plastic strain distribution in the vicinity of the
tool edge, as reported in Table 5. The first set of simulations, with the increment of 0.1 for the
COF, suggests that the maximum strain increases as the friction increases, however there is a
large gap of strain between step 2 and step 3 (COF fromo 0.3). For the second and third
cases, the increase of maximum stiaialmost 50% and®% when the COF increments are
0.2 and 0.3, respectively. Comparisons of the three sets of simulations show that the larger
plastic strain results from the larger gap between the two adjacent steps, while when the COF

reaches relatively high, the gap between two steps has little effect on the final value of strain.
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4.4.Time-dependent COF

The third friction condition regarda time-dependent friction. Indeed, the friction is so
complicated that cannot be considered as constant and would change without an obvious law.
This is proved by the fact that adhesion of material occurs progressively on the tool tip and/or
rake face, and then adhered material detaches progressively. So the progressive adhesion and
detaching of material can be associated with an increase and decrease of friction accordingly
A few scenarios have been proposed by Atlati et al. (Atlati et al., 2015), as belov®Fl) C
increases to a certain value and then decreases to the former one, such as (0.2, 0.3, 0.2), (0.2,
0.4, 0.2) or (0.2, 0.5, 0.2) in three different steps, respectively; (2) COF decreases to a certain
value and then increases back to the former one, such as (0.4, Q.2n®.@8) COF increases

to a certain value, remains constant for different time, and then returns to the former one. For
example, COF is 0.2 for 0.002s in step one and increases to 0.4 for 0.001s, 0.002s and 0.003s
in step two, respectively, at last it drops back to 0.2 for 0.002s in step three. These changes of
coefficient would directly affect the DMZ formation. Therefore, a new method combining (1)

and (3) is applied in this study to study the effects of duration of the friction contact on the

formation of the DMZ, and the details can be found in Chapter 3.3.
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Table 6. Flow velocity field for time-dependent COF.

Stepl u=0.2 Step2 u=04 Step3 u=0.2
bl cuttingtime = 1.0 ms cl cutting time = 3.0 ms

¥, Magnitude

Y, Magnitude

a cutting time =2.0 ms

¥, Magnitude

Table 6 shows the effect of changing friction at different steps on the distribution of the
velocity field around the tool tip. It can be found that for all cases the cutting time in step 2
(friction increase) and step 3 (friction decrease) has a direct effect on the DMZ size. This
suggests that iareal cutting process the DMZ may be unstable and its shape and size may

change during the cutting process.
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This friction condition also affects the plastic strain distribution at the cutting zone. It can
be seen in Table 7 that the distribution and maximum value of plastic strain clearly depends on
the cutting time in steps 2 and 3. Comparing the second case with first case, it can be found
thatalonger duration in the step 2 resultsailarger equivalent strain under the same friction
condition. From the third one, it can be concluded that the friction could decrease when the

time duration of the friction is shorter, compatedhe former two cases.

Table 7. Plastic strain field for time-dependent COF.

Stepl u=0.2 Step2 u=04 Step3au=0.2
bl cuttingtime = 1.0 ms cl cutting time = 3.0 ms

PEEQ
(Avg: 75%)

PEEQ
(Avg: 75%)

a cutting time =2.0 ms b2 cutting time = 2.0 ms c2 cutting time = 2.0 ms

PEEQ

FEEQ
(Avg: T5%)

(Avg: TR

PEEQ
(Awvg: T5%)

PEEQ
(Avg: 759%)

PEEQ
(Avg: 759%)

5. Conclusions
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Tribological behaviour at the interface of tedhip during the orthogonal cutting process of
AISI 4340 steel witta chamfer tool is investigatday FE modelling. The study is particularly
focused on the influences of friction conditions on the formation of the DMZ. Concluding

remarks are drawn as follow:

(1) The DMZ is blocked under the chamfer of tool and it varies in form and size during cutting.
The material around the tool tip experiences a severe deformation which can be verified by
predicted strain, stress and temperature distributions. The flow velocity field can be used
as an indicator of the existence and amount of the DMZ.

(2) The friction condition has a direct effect on the shape and size of the DMZ. Increasing the
friction coefficient increases the DMZ size. A sharp change of coefficient of friction has
larger influence on the DMZ formation than a smooth change of friction coefficient.

(3) The change of friction coefficient with time has also an effect on the DMZ formation. The
time duration of cutting has an effect on the DMZ size when friction increases and then
decreases, but the value of friction coefficient has more influences than the duration on the
DMZ formation.

(4) Finally, this parametric study provides a reference for future experimental validations of
the chosen variables. The friction condition in this study is still simplified and the
expression of friction conditions (and the friction model) shobé& improved by
incorporating the time duration of cutting. In addition, more experimental data are also

required to validate the parameters chosen in this study.
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