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Abstract By adopting an equivalent geometry model of
chip, a finite element model was developed to study the
mechanism of chip formation during high-speed milling of
alloy cast iron. Several key technologies such as material
constitutive model, friction model, chip separation criteria,
chip damage criteria, heat dissipation, and transfer were
implemented to improve the accuracy of finite element
simulation. Saw-tooth chip of alloy cast iron was observed.
The chip shape and cutting force agreed well with
experimental results. The simulation results show that the
maximum cutting temperature produced with appearance of
saw-tooth chip crack, and it is located on the chip-tool
contact surface. The saw-tooth chip is caused by double
actions of thermoplastic instability and plastic instability.
The chip saw-tooth degree decreases when increasing the
rotating speed, while it increases when increasing the feed
speed. This work provides a useful understanding for chip
formation process and helps to optimize machining param-
eters and process of high-speed milling of alloy cast iron.

Keywords High-speed milling - Alloy cast iron -
Saw-tooth chip - Chip formation mechanism -
Finite element simulation

1 Introduction
As a result of the advances in machine tools and cutting

tool technology, “high-speed milling (HSM)” became a
cost-effective manufacturing process to produce parts with
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high precision and surface quality [1]. Recently, HSM has
been employed for machining alloy cast iron and steels in
hardened state (usually hardness >30 HRC) for making
dies/molds used in the production of a wide range of
automotive and electronic components, as well as plastic
molding parts [2]. Machining of alloy cast iron at high
cutting speeds is a cost-effective technology using ad-
vanced machine tools and cutting tools and offers several
advantages such as reduction of finishing operations,
elimination of distortion if the part is finish-machined after
heat treatment, achievement of high metal removal rates,
lower machining costs, and improved surface integrity
[3, 4]. However, high-speed cutting of alloy cast iron results
in high temperatures and stresses at the workpiece—tool
interface. Consequently, cost-effective application of this
technology requires a fundamental understanding of the
machining process and the relationships between process
variables on one hand and tool life and machined surface
integrity on the other hand.

In machining hard materials, continuous chip formation
is observed at conventional cutting speed and low feed rate.
However, at higher cutting speed and feed rate, “saw-tooth”
chips are produced [5]. The latter type of chip formation
can cause periodical variations of both cutting and thrust
forces and result in high-frequency vibrations [6]. In many
papers dealing with cutting operations, the aim usually
declared was to study the chip morphology by considering
working parameters and physical properties of the ma-
chined material. Mabrouki [7] pointed out that chip
morphology was affected by working parameters and
machined material hardness. Albrecht [8] carried out a
parametric study in order to study the phenomena accom-
panying saw-tooth chip formation. Ohbuchi [9] had studied
chip formation in the domain of negative angle by
introducing a stagnant region at the tool tip. The above
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Fig. 1 SHPB experiment system

studies of chip morphology were not an objective in itself.
The main objective was to explain the effects of chip
morphology, on the one hand, on the workpiece in terms of
machined surface integrity and, on the other hand, on tool
wear behavior. In other words, the aim was to improve
production efficiency. Recently, El-Wardany [10] presented
an experimental investigation of chip formation mechanism
during machining of tool steel with PCBN tools. Koman-
duri [11] studied the titanium chip morphology during
cutting process and showed the saw-tooth chip formation
was due to plastic instability. Barry [12] studied the
mechanism of chip formation in machining hardened steels
and concluded that the primary instability was the initiation
of adiabatic shear at the tool tip and its propagation partway
to the free surface of the workpiece material. However, for
alloy cast iron, the chip formation process and mechanism
during high-speed milling process are not yet well
understood.

High-speed milling process can be better observed using
finite element simulation. This method is emerging as
useful techniques for explaining the observed phenomena
in machining process. In this paper, FEM-based simulation
was used to study the mechanism of chip formation during
high-speed milling of alloy cast iron, and the influence laws
of machining parameters on saw-tooth chip formation were
also analyzed and discussed.

Fig. 2 Cylinder specimen
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Workpiece

Fig. 3 Normal and frictional shear stress distribution at the chip—tool
interface

2 Key technologies of finite element simulation
2.1 Material constitutive model

The material was modeled as isotropic elastic-plastic, with
isotropic strain hardening. In the cutting processes, the
deformation of the material in the cutting zone takes place
at elevated temperature and high strains and strain rates.
Therefore, in order to allow for their effect on the material
properties, the flow stress of the material is taken as a
function of strain, strain rate, and temperature using the
Johnson—Cook constitutive equation taken from the [13]:

o:M+B@ﬂP+Cm;}

X|:1_(T_Troom>:| (1)
Tmelt_Troom

where o is the flow stress (MPa), ¢ is the strain, € is the
strain rate (s '), € is the reference strain rate (s '), 7'is the
temperature (°C), Tper; 1S the material melting point, 7;o0m
is the room temperature, and 4, B, C, n, m are the material
parameters.

A Hopkinson apparatus was constructed to measure the
flow stress at different strain rate and temperature for alloy
cast iron. The Johnson—Cook constitutive equation was
determined with these material data. The SHPB experiment
system and specimen were illustrated in Figs. 1 and 2.
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Fig. 4 Sketch of undeformed chip between two toolpasses with
consideration of rotation of tool
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The temperature in SHPB experiment was designed as
20°C, 100°C, 200°C, 300°C, and 500°C. The strain rate was
designed as 500, 1,000, 3,000, 5,000, and 8,000 s '. Accord-
ing to the experiment result, the material parameters were
calculated, and the J-C constitutive equation was determined.
The value of 4, B, C, n, and m were 522 MPa, 540 MPa,
0.0054, 0.3, and 1.15, respectively. Using the Johnson—Cook
constitutive equation, finite element simulation of high-speed
milling of alloy cast iron was carried out.

2.2 Friction model on the chip—tool interface

To obtain a reliable and realistic simulation result of metal
cutting, it is essential to investigate the interaction between
the cutting tool and the chip. The friction force is strongly
influenced by cutting speed, contact pressure, and cutting
temperature. Zorev’s model revealed two distinct regions
on the chip—tool interface sliding region and sticking region
[14]. The normal and frictional shear stress distribution at
the chip—tool interface was shown in Fig. 3.

From the tip of the tool up to a point, frictional stress
was considered constant in a sticking region. After this
point, frictional stress decreased on the tool rake face in a
sliding region where Coulomb’s friction law could be used.
This can be represented as follows:

Tf = 1Oy, When o, < kenip(sliding) (2)

7¢ =k, when o, > kenip (sticking) (3)

where 7y is the frictional stress, o, is the normal stress, u is
the coefficient of friction, k is constant, and k., is the
shear stress of the chip material.

The friction stress in the sticking region and constant
friction coefficient i in the sliding region can be obtained
from the friction model. The friction coefficient is defined
as follows:

p=Fe/F, (4)
Fy = F.sina + F;cosa (5)
F,=F,cosa — F;sina (6)

Where F; is the friction force on the tool rake face, F), is
the normal force on the tool rake face, «v is the rake angle of
cutting tool, F is the cutting force, and F, is thrust force.

2.3 Chip separation criteria

Chip separation is achieved through a nodal release
procedure in finite element code. This is done by defining

equivalent
chip

h equivalen

Fig. 5 Equivalent machining layer with constant thickness

a bonded interface along the cutting path and by applying a
critical stress separation criterion to the stress state at a
fixed distance ahead of the tool tip. When the stress state at
the specified distance reaches a critical combination, the
pair of bonded nodes just ahead of the tool tip will be
released, resulting in chip separation from the workpiece.
Specifically, the critical stress criterion refers to the
attainment of a critical value of 1.0 by the stress index [15]:

1 =/ (0n/or) +(en/r) ™)

where o, equals the normal stress when it is tensile and is
set to zero when it is compressive, 7, is the shear stress, and
or and 7¢ are the material failure stress under pure tensile
and shear loading conditions, respectively.

2.4 Chip damage criteria

The Cockroft and Latham damage criteria [16] had been
used. The damage was evaluated according to the equation:

/:6(%) iz = C (8)

where C is the critical damage value given by a uniaxial tensile
test, 7y is the strain at the breaking condition, € is the effective
strain, & is the effective stress, and ¢ is the maximum stress.

The criteria predict the material damage when the critical
value C is exceeded. To optimize the material fracture in
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Fig. 6 Orthogonal finite element model
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Table 1 Simulation and experi-

Feed per tooth (mm) Depth of cut (mm) Width of cut (mm)

ment cutting conditions Number  Parameters
Rotating speed (rpm)
1 5,000
2 6,000
3 8,000
4 10,000

0.04 0.3 0.3
0.04 0.3 0.3
0.04 0.3 0.3
0.04 0.3 0.3

cutting operations, a combined criterion has been used. The
Cockroft and Latham criterion has been combined with a
criterion based on the effective stress.

Two critical values have been defined, C and o". The
damage is evaluated for each element of the workpiece. The
element deletion occurs when both the damage values are
satisfied.

2.5 Heat dissipation and transfer

Knowledge of the temperature distribution in the work-
piece, chip, and tool is very important since it has a great
effect on the quality of the surface integrity and the tool
wear. The main sources of heating, responsible for the high
temperature rise observed in cutting processes, are the
plastic work and the friction at the chip—tool interface,
which are converted into heat. During high-speed machin-
ing, heat generated due to local energy dissipation does not
have sufficient time to diffuse away, and local heating will
occur in the active plastic zones and along the sliding
frictional interface. Thus, temperature rise in the chip can
be approximated with the adiabatic heating condition.

Machining is performed at ambient temperature (i.e., the
initial temperature of both the workpiece and the tool is 20°
C), while the heat losses to the environment from the free
surface of the workpiece, due to convection heat transfer,
are determined by the distributed heat flux:

q = h(Tw — To) 9)

where / is the convection heat-transfer coefficient of the
workpiece material, 7, is the temperature of the workpiece,
and T, is the ambient temperature, taken as 20°C. Heat
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Fig. 7 Cutting force testing system
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transfer by radiation is considered insignificant and is not
therefore taken into account.

3 Finite element model set-up and validation
3.1 Finite element model set-up

In the actual milling operation, the tip of the cutting edge
travels on a trochoidal path due to the feed rate and spindle
rotation. However, this path can be assumed to be circular
for small values of feed per tooth (f',). Thus, only rotational
motion of the tool at a given spindle speed was considered
in the process model (Fig. 4). Although the thickness of
machining layer is variable continuously, for f, is very
small, it can be approximated using a circular element that
has the equivalent constant thickness determined from the
area of undeformed chip cross-section. Figure 5 showed
the equivalent machining layer with constant thickness.

The equivalent chip thickness (/equivalent) Can be repre-
sented as [17]:

cos—! (%) — sin [2 cos™! (%)}

(10)

hequivalent =r—-r W2z
m —cos~! (£)
where 7 is radius of the tool.

The equivalent constant thickness chip was simplified,
and orthogonal finite element model was established. The

Fig. 8 Orthogonal experiment process
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b experiment chip shape

a simulation chip shape

Fig. 9 Comparison of chip shape

dimensions and the initial finite element mesh of both the
workpiece and the tool were shown in Fig. 6.

The workpiece element topology used was four-node
isoparametric plane-strain quadrilateral elements. This kind
of lower-order elements had been proven to be more
accurate in analyzing large-strain plasticity problems. The
tool element topology used was four-node isoparametric
quadrilateral planar heat-transfer elements, as it was
considered rigid and only heat-transfer analysis was carried
out. Continuous adaptive remeshing is used to correct the
problem of element distortion due to high deformations.

3.2 Finite element model validation

The workpiece material was Mo—Cr alloy cast iron (Cr,
0.25~0.35; Mo, 0.25~0.45), and the cutting tool material
was a carbide with TiAIN coat. The material properties of
workpiece and cutting tool were taken from the [18].
Different cutting speeds were used. The simulation and
experiment cutting conditions were shown in Table 1.
Making use of the finite element model, simulations of
high-speed milling of alloy cast iron were performed with
commercial code DEFORM.

To validate finite element simulation result, orthogonal
milling experiments were conducted on a MV-5A numerical
control machining center with cylindrical milling cutter of
straight tooth (the diameter was 20 mm and had two teeth).
The cutting force testing system was illustrated in Fig. 7,
which consisted of Kistler9257A dynamometer, force charge
amplifier, A/D data collecting card, and desk-top computer.
The experiment process was illustrated in Fig. 8.

Table 2 Comparison of cutting forces

Rotating speeds (rpm)

5,000 6,000 8,000 10,000
Predicted value (N) 68.08 65.5 59.62 57.84
Measured value (N) 61.5 57.76 53.32 50.62
Relative errors 10.7% 13.4% 11.8% 14.3%

Temperature (°C)

Fig. 10 Temperature distributions at rotating speed of 10,000 rpm

Comparison between simulation chip shape and exper-
iment chip shape was shown in Fig. 9. As can be seen from
Fig. 9, a good agreement was found.

Comparison between predicted and measured cutting
forces were shown in Table 2.

The predicted cutting forces agreed well with the
measured cutting forces. Relative errors of these two kind
of cutting forces were less than 15%. The factors that cause
the error were as follows: (1) There was difference between
FEM material model and actual material properties in
machining; (2) the tool was assumed as a rigid body and
perfect sharp, but it was a hone radius edge in experiment
and was an elastic-plastic body; (3) the thickness of
undeformed chip, which was variable continuously in the
experiment, was equivalent to a constant value in FEM.
Considering the above assumptions and simplifications, the
result of FEM was acceptable.

4 Chip formation process simulation and analysis
Orthogonal cutting simulations were performed at different
cutting speed. The temperature and stress distribution

during cutting process as well as the chip formation were
predicted and analyzed.

Normal stress (MPa)

-1050

Fig. 11 Normal stress distributions at rotating speed of 10,000 rpm
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Fig. 12 Saw-tooth chip forma-
tion process of alloy cast iron at
rotating speed of 10,000 rpm

4.1 Analysis of temperature and stress during cutting
process

Figure 10 showed the temperature distribution on the chip—
tool interface at rotating speed of 10,000 rpm. As can be
seen in the figure, the maximum temperature produced
with the appearance of saw-tooth chip crack. The maxi-
mum temperature was located on the chip—tool contact
surface, and the temperature fell gradually when the crack
extended.

Figure 11 showed the normal stress distribution of chip
at rotating speed of 10,000 rpm. As seen in the figure, it
was pressure stress on the contact surface between chip and
tool rake face, while it was tensile stress far away from the
contact surface. It was pressure stress inside the workpiece

Fig. 13 The saw-tooth chip
segment formation process at
rotating speed of 10,000 rpm

near the tool tip, and the pressure stress decreased gradually
when deviating from the tool tip. It was tensile stress on the
contact surface between chip and tool flank face, and
the tensile stress decreased gradually when deviating from
the contact surface.

4.2 Chip formation process and mechanism

The chip formation process of alloy cast iron at rotating
speed of 10,000 rpm was illustrated in Fig. 12, and saw-
tooth chip was observed during high-speed cutting process.

To study the saw-tooth chip formation mechanism, a
chip segment formation process was observed in detail. The
whole formation process of a chip segment was illustrated
in Fig. 13 (the variable in the figure was equivalent stress).

@ Springer
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Fig. 14 The chip saw-tooth
degree Gs

Figure 13a showed that the stress started localization at
the workpiece surface. Figure 13b showed that the stress
localization had formed, and the crack begins to appear at
the workpiece surface. When the crack extended, it led to
the formation of saw-tooth chip segment and is shown in
Fig. 13c. Figure 13d showed the growth of chip segment at
the same time the shear band appeared and formed
gradually. Finally, the chip segment formed completely.

According to the chip segment formation process, the saw-
tooth chip formation mechanism can be drawn: Alloy cast
iron has the material character of high hardness and low heat
conductivity. The cutting heat is difficult to emit due to the
poor heat property and leads to the formation of shear band.
Particularly, ahead of the tool tip, the local region is softened
by the high temperature and results in the thermoplastic
instability. On the other hand, stress localization caused by
machining induration during cutting process leads to crack,
and the crack extends together with the cutting process going
along, resulting in the plastic instability. At last, the saw-tooth
chip forms under double actions of thermoplastic instability
and plastic instability. Therefore, it is can be said that the saw-
tooth chip during high-speed cutting of alloy cast iron is
caused by adiabatic shear and plastic fracture.

4.3 Influence laws of machining parameters on saw-tooth
chip formation

The saw-tooth degree of chip can be denoted by the follow
formula:

GS:(hl—hz)/hl (11)

/

o ©
°_+

Chip saw-tooth degree(Gs)
S5 b
"
-/

| 1 I
anoo 10000 11000

rotating speed (rpm)

Fig. 15 Influence laws of rotating speed on saw-tooth chip formation
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Fig. 16 Influence laws of feed speed on saw-tooth chip formation

where 4, is the chip segment height, and %, is the chip root
height.

Gs is described in Fig. 14.

At different cutting conditions, finite element simula-
tions were performed, and the saw-tooth degree was
calculated according to the predicted values of 4; and 4,.
Through analyzing saw-tooth degree of chip, the influence
laws of machining parameters on saw-tooth chip formation
can be drawn. Figure 15 showed the influence laws of
rotating speed on saw-tooth chip formation, and Fig. 16
showed the influence laws of feed speed on saw-tooth chip
formation.

As can be seen from the above figure, the chip saw-tooth
degree Gs decreases when increasing rotating speed, while
it increases when increasing feed speed. The influence laws
curve of rotating speed on saw-tooth chip changes gently,
while the influence laws curve of feed speed changes
markedly, and it can be noted that the feed speed has great
impact on chip saw-tooth degree.

The saw-tooth chip can lead to high-frequency periodic
vibration of tool, making cutting force change periodically.
As a result, the tool wear increases and the machining
surface quality decreases. So, through the chip saw-tooth
degree analysis and comparison, machining parameters
optimization can be performed, and the tool life and
machining surface quality can be improved.

5 Conclusions

The conclusions drawn are as follows:

1. Comparisons of predicted chip shape and cutting force
with experimental results show that the finite element
model developed in this paper is reasonable. The
simulation results show that the maximum cutting
temperature produced with appearance of saw-tooth
chip crack. The chip saw-tooth degree decreases when
increasing the rotating speed, while it increases when
increasing the feed speed.
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Temperature and stress distribution on the chip-tool
interface are analyzed and studied, which is very
difficult to measure by experiment.

The saw-tooth chip of alloy cast iron is caused by
double actions of thermoplastic instability and plastic
instability, which is a new point of view.

Further, the finite element model can be used to select
optimal machining parameters and improve tool design,
and excessive and expensive trial and error experiment
process can be avoided.
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