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Abstract In the present study, experimental tests and finite
element simulation were conducted in order to investigate
chip formation and its effects on cutting force, tool tempera-
ture, tool stress, and cutting edge wear in high- and ultra-high-
speed (v=200∼2000 m/min) milling. It was found that the
serration of chip becamemore andmore obvious as the cutting
speed increased. Most of the saw-tooth chip was separated at
the cutting speed of 2000 m/min. During the formation pro-
cess of the separated saw-tooth, the high temperature in the
shear band had substantial effect on the initiation of the crack
in the chip. When the cutting speed increased, the formation
frequency of the saw-tooth increased with decreasing growth
rate and the tool-chip contact length exhibited a decreasing
trend. At each cutting speed used in the present work, the
fluctuation frequency of cutting force, tool temperature, and
tool stress was consistent with that of the saw-tooth formation.
The saw-tooth formation which led to periodically changing
cutting thickness had great effects on the cyclical fluctuations
of the cutting force, tool temperature, and tool stress. When
the cutting speed increased from 650 to 2000 m/min, the am-
plitude of the cutting force and tool temperature grew 116 and
93 %, respectively. The higher degree of chip serration at
higher cutting speed resulted in the substantial change of the
cutting thickness, leading to greater mechanical and thermal
impact. The tool temperature had greater effect on the tool
stress than the cutting force did when the cutting speed was
relatively high. Due to the small tool-chip contact length at
cutting speeds of 1550 and 2000 m/min, no obvious wear

appeared on the tool rake face. Because of the higher average
value and the higher amplitude of tool stress at the cutting
speed of 2000 m/min, chipping emerged on the tool cutting
edge. This phenomenon was not found on the cutting edge
when the cutting speed was 1550 m/min.

Keywords Chip formation . Cutting force . Tool
temperature . Tool stress . Tool wear . High-speedmilling

1 Introduction

The cutting tool and the workpiece interact with each other in
the cutting process. On the one hand, some part of the work-
piece is removed in the form of chip. On the other hand, due to
the combined effects of mechanical and thermal loads, the
cutting tool starts to wear until the failure criterion is reached.
The chip morphology and chip formation mechanisms reflect
the characteristics of the mechanical and thermal loads, which
subsequently have great effects on the tool failure mechanisms
[1–3]. Wang et al. [1] investigated the chip formation process
and the variation of chip morphology in high-speed milling of
hardened steel. They also studied the formation condition of
continuous and saw-tooth chips and various characteristics of
the saw-tooth chip. Ultra-high-speed milling tests of
AerMet100 using nano TiAlN-coated carbide tools were per-
formed by Su and Liu [2]. It was found that the tool wear
mechanism was greatly influenced by the cutting temperature
and workpiece mechanical properties. High-speed face mill-
ing of AISI H13 hardened steel was conducted by Cui and
Zhao [3]. The characteristics of chip morphology, tool life,
tool wear mechanisms, and surface roughness were analyzed
for different cutting conditions.

It has been more than 80 years since Salomon [4] proposed
the concept of high-speed cutting (HSC). Due to its
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advantages such as higher machining efficiency, lower cutting
force, and better surface finish, HSC technology has been
widely used in the manufacturing of automotive components
and aluminum aeronautical. With the development of the cut-
ting tool material and machine tools, increasingly high cutting
speed has been used by the industries in order to stay compet-
itive [5]. When relatively high cutting speed is applied, con-
tinuous saw-tooth chip arise in the metal cutting process. Chip
with unusual morphology including sphere-like chip [3, 5, 6]
and separated saw-tooth chip [3, 6, 7] will appear when the
cutting speed is further increased. The emergence of separated
saw-tooth chip is considered by some investigators [7] as the
unique characteristics in ultra-high-speed cutting.

Theories for the saw-tooth chip formation mechanisms can
be classified into two kinds, namely the adiabatic shear theory
[8, 9] and the cyclic crack theory [10, 11]. Previous researches
on chip formation mechanisms mainly focused on the expla-
nation of the continuous saw-tooth chip. Relatively few stud-
ies [7, 12] were conducted to investigate the formation of
separated saw-tooth chip. High-speed orthogonal cutting of
Inconel 718 alloy was conducted by Su [7] to identify the chip
formation mechanisms in different cutting speed ranges. The
analysis results showed that the formation of separated saw-
tooth chip can be explained by the cyclic crack theory. Finite
element simulation was used by Guo and Yen [12] to investi-
gate the formation mechanisms of discontinuous chip (sepa-
rated saw-tooth chip) which arose in the cutting of AISI 4340
steel. It was found that adiabatic shearing contributed greatly
to the formation of the discontinuous chip. Since the chip stem
from the interaction between the cutting tool and the work-
piece, there exist strong correlations between the chip forma-
tion and the loads which are exerted on the cutting tools.
However, scant research was conducted to investigate the ef-
fects of chip morphology and chip formation mechanisms on
mechanical and thermal loads in high- and especially ultra-
high-speed cutting. Finite element simulation of cutting of
AISI 4340 steel was conducted by Guo and Yen [12], and
relationship between the fluctuation of cutting forces and the
characteristics of chip formation was analyzed. The analysis
results showed that compared with the cutting force in the
formation process of the usual serrated chip, the cyclical fluc-
tuation of the cutting force was intenser when the separated
saw-tooth chip arose. Moreover, it was found that the force
pattern was in-phase with the separated saw-tooth chip shape.

It can be found that much valuable information on chip
morphology and chip formation in high-speed cutting has
been provided by the previous studies. However, relatively
few researches were conducted to investigate the formation
mechanisms of the separated saw-tooth chip and there still
existed controversy. It should be noted that scant research
was performed to investigate the effects of separated saw-
tooth formation on the mechanical and thermal loads in the
cutting process. Moreover, thorough understanding of the

mechanical and thermal loads in ultra-high-speed cutting
(characterized by the separated saw-tooth chip) was very im-
portant for the analysis of tool failure mechanisms. Thus, it is
critical to identify the characteristics of chip formation and its
effects on cutting force, tool temperature, tool stress, and tool
wear in ultra-high-speed cutting.

AISI H13 tool steel has been widely applied in hot forging,
extrusion, and pressure die casting because of the advantages
such as large high-temperature strength and great wear resis-
tance [13, 14]. Therefore, in the present study, experimental
tests and finite element simulation of high- and ultra-high-
speed milling of AISI H13 hardened steel are conducted.
Chip morphology and chip formation mechanisms at different
cutting speeds (especially at ultra-high cutting speed) are an-
alyzed and compared. Time domain and frequency domain
characteristics of the cutting force, tool temperature, and tool
stress obtained at different cutting speeds were identified and
compared. Influences of chip formation on cutting force, tool
temperature, tool stress and wear of the tool cutting edge are
studied.

2 Experimental procedures and finite element
simulation

2.1 Workpiece and cutting tool

In the present study, a block of AISI H13 hardened steel which
was hardened to 46∼47 HRC was used in the milling experi-
ments. Chemical composition of the hardened steel under con-
sideration is shown in Table 1. Tool holder with a diameter of
80 mm was applied. Only one of the teeth was used in the
milling tests. Therefore, the effects of the tool tip run out on
tool wear can be eliminated [15]. Tungsten carbide inserts
were utilized. The insert contained 94 wt.% WC and 6 wt.%
Co. Details of the tool geometry are shown in Fig. 1. The
corner radius of the cutting tool was manufactured to be
0.1 mm. All the tests were carried out on a vertical computer
numerically controlled machining center DAEWOO ACE-
V500. The machining center with a 15-kW drive motor had
a maximum spindle rotation speed of 10,000 rpm. The posi-
tioning accuracy and repetitive positioning accuracy of the
machining center were ±5 and ±2 μm, respectively.

2.2 Cutting tests

Symmetric milling was applied for all the milling tests.
Cutting speeds v (200, 650, 1100, 1550, and 2000 m/min) in
the range of 200 to 2000m/min were used. Radial depth of cut
ae, axial depth of cut ap, and feed per tooth fz were fixed to be
6, 0.4, and 0.04 mm/tooth, respectively. Relatively small
values of radial depth of cut and feed per tooth were adopted
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in order to avoid rapid wear of the cutting tool at high cutting
speeds.

All the milling tests were conducted in dry conditions and
each trial was performed three times. The chatter mark on the
machined surface of the workpiece can be used to evaluate the
stability of the milling process. The machined surface was
examined during the milling tests. It was found that there
existed no obvious chatter mark on the machined surface at
different cutting speeds. The cutting forces were measured
using Kistler piezoelectric dynamometer (type 9257B) during
the cutting process. Its measurement range and measurement
accuracy were ±5 kN and 0.01 N, respectively. The dyna-
mometer was installed on the machine table as shown in
Fig. 1. The charge generated at the dynamometer was ampli-
fied by means of a multichannel charge amplifier. For the
purpose of removing noise caused by the process variables,
a low-pass filter was applied at the charge amplifier. The sam-
pling frequency of data was set to be 10,000 Hz. The tool
flank wear was examined with a digital microscope periodi-
cally. The microscope had a highest magnification of ×200.
For each insert, the tool flank wear was measured three times
and the average value was acquired. The tool life was recorded
when the tool flank wear reached or increased over 0.3 mm.
The tool life was recorded in terms of the number of cutting
cycles. After the milling tests, the chip morphology and the
worn tools were observed and analyzed using scanning elec-
tron microscopy (SEM; JSM-6510LV, Japan) and Keyence
VHX-600E 3D digital microscope with a large depth of field.
The highest magnification of JSM-6510LV was ×300,000,
and it can provide high clarity of the specimen with a high

resolution of 3.0 nm. The Keyence VHX-600E owned a
highest magnification of ×5000.

2.3 Finite element simulation

It was found from the cutting forces recorded in the
milling process that cutting force in Z direction was
much smaller than these in the X and Y directions.
Moreover, the chip formation process is mainly caused
by the interactions between the cutting tool and the
workpiece in X and Y directions. Therefore, the milling
process was modeled as a two-dimensional cutting pro-
cess. Abaqus/Explicit software was used in the two-
dimensional simulation of milling process in order to
investigate quantities that were difficult to measure.
Figure 2 shows the schematic of finite element simula-
tion. The boundary conditions were set to be consistent
with those in the milling experiments. Material proper-
ties of the workpiece and the cutting tool are listed in
Table 2. The cutting tool was modeled as elastic and
heat transfer body.

The use of a suitable material-constitutive model for
the workpiece is important for simulating the cutting
process successfully. The effects of stress, strain, strain
rate, and temperature should be incorporated in the ma-
terial model. The Johnson and Cook model has been
widely applied in order to analyze the high-temperature,
high strain-rate deformation behavior of steels. The
Johnson and Cook constitutive equation was used in
the present work. It can be expressed as:

σ ¼ Aþ B ε
� �nh i

1þ Cln
ε
:

ε
:
0

 !" #
1−

T a−T room

Tmelt−T room

� �m� �

ð1Þ

where ε, ε
�

, Ta, and σ are the shear strain, shear strain
rate, absolute temperature, and shear stress, respectively.
The material behaviors are mainly influenced by param-
eters such as the yield strength (A), the hardening mod-
ulus (B), the strain rate sensitivity (C), the strain hard-
ening exponent (n), the thermal softening coefficient

(m), the reference plastic strain (ε
�

0 ), the reference tem-
perature (Troom), and the melting temperature (Tmelt).
These Johnson–Cook parameters was set to be A=
674.8 MPa, B=239.2 MPa, C=0.056, n=0.44, and m=
2.7 according to the work by Umer [16].

Table 1 Chemical composition
of AISI H13 tool steel (wt.%) C Mn Si Cr Mo V Ni Fe

0.32–0.45 0.20–0.50 0.80–1.2 4.75–5.50 1.10–1.75 0.80–1.20 0–0.30 Bal.

Fig. 1 Experimental setup
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The shear failure criterion was adopted in the present
work in order to achieve separation of the chip from
workpiece in the simulation process. For each element,
the damage was calculated and can be expressed as:

ω ¼
X Δεp

ε fp
ð2Þ

where Δɛp is the cumulative equivalent plastic strain
which is upgraded for each analysis increment, and ɛfp

is the strain at which material failure happen. When the
value of ω reached 1, element failure will occur.
Simultaneously, the element, the element connectivity,
the stress and the strain are deleted during the simula-
tion process. The failure strain ɛfp can be given by:

ε fp ¼ D1 þ D2exp D3
σp

σe

� �� �
1þ D4ln

ε
� p

ε
�
0

� �� �
1þ D5

T a−T room

Tmelt−T room

� �� �

ð3Þ
where D1 to D5 are damage parameters determined by
experimental tests, σp/σe is the ratio of pressure stress to
von Mises stress, and ε

�
0 is the reference strain rate. The

values of the damage parameters in Eq. (3) were deter-
mined by tensile and torsion tests of the workpiece ma-
terial. These parameters were adopted from the work by
Umer [16] and are listed in Table 3.

The tool-workpiece contact can be divided into sliding area
and sticking area. According to the study by Atlati et al. [17],
the contact behavior at the tool-workpiece interface can be
defined as follow:

τ f ¼ μσn if μσn < τmax

τmax if μσn≥τmax

�
ð4Þ

where τf is the shear friction stress, σn is the normal friction
stress, τmax is the shear stress limit which can be considered as
the initial plastic flow shear stress and μ is the friction coeffi-
cient. The friction coefficient μ was determined as the 0.41

based on the comparison of experimental and simulated cut-
ting forces.

3 Results and discussion

3.1 Chip formation

Comparisons of the chip obtained in milling tests and finite
element simulation were conducted. Figure 3 shows the typi-
cal chip morphologies acquired at different cutting speeds in
the experiments and simulation. It can be seen from Fig. 3 that
the degree of serration of the simulated chip showed good
consistency with that of the experimental chip. It was found
that there existed no serrated chip at the cutting speed of
200 m/min. However, serrated chip arose at the other cutting
speeds adopted in the present study. The serration of chip
became more and more obvious as the cutting speed in-
creased. It should be pointed out that some of the saw-tooth
of the chip was separated at the cutting speed of 1550 m/min
as shown in Fig. 3. Moreover, most of the saw-tooth was
separated when the cutting speed was 2000 m/min.

Figure 4 shows the typical morphologies of the serrated
chip that were about to be separated. It can be seen from
regions A, B, C, and D denoted in Fig. 4 that the edges of
the saw-tooth exhibited the characteristics of melted metal. It
was inferred that high temperature arose in the area between
the adjacent saw-tooth. Due to the high temperature, strength
of this area degraded. When external loads were exerted on
this area, crack appeared between the adjacent saw-tooth and
the saw-tooth was separated.

Figure 5 shows the formation process of a separated saw-
tooth which was obtained by means of finite element simula-
tion. It can be observed from Fig. 5b that crack first arose in
the shear band close to the cutting edge. It was found that the
temperature of the area where the crack appeared was the
highest in the shear band. It can be deduced that the high
temperature had great effect on the initiation of the crack in
the chip. Figure 5c indicated that the crack grew as the cutting
tool moved forward and interacted with the workpiece. Then,
another crack emerged in the shear band on the surface of the
workpiece as shown in Fig. 5d. It can be seen from Fig. 5e, f

Fig. 2 Schematic of finite
element simulation

Table 2 Material properties of the workpiece and the cutting tool

Material properties Workpiece Cutting tool

Density (kg m−3) 7.72×103 14.5×103

Young’s modulus (Pa) 2.12×1011 6.24×1011

Thermal expansion (K−1) 9.6×10−6 5.3×10−6

Heat capacity (J kg−1 K−1) 565 410

Thermal conductivity (W m−1 K−1) 28.5 81

Table 3 Values of the
damage parameters D1 D2 D3 D4 D5

−0.8 2.1 −0.5 0.0002 2.7
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that these two cracks propagated and finally met each other,
resulting in the formation of an individual saw-tooth. It was
found that the evolution of the cracks in the formation process

of a separated saw-tooth was similar to that described by Guo
and Yen [12]. These demonstrated the speculation that the
high temperature in the area between the adjacent saw-tooth
influenced the formation of the separated saw-tooth greatly.

The formation frequency f of the saw-tooth of the chip was
calculated and analyzed. It was obtained using the following
equation:

f ¼ nlv

60l
ð5Þ

where nl is the number of saw-tooth per unit cutting distance, v
is the cutting speed, l is the unit cutting distance. Figure 6
shows the evolution of formation frequency f with cutting
speed v. It can be observed from Fig. 6 that as the cutting
speed increased, the formation frequency of the saw-tooth
kept increasing. However, the growth rate of the frequency
decreased when the cutting speed increased.

Figure 7 shows the tool-chip contact areas at different cut-
ting speeds. Figure 8 shows the development of tool-chip
contact length L with cutting speed v. It can be observed from
Figs. 7 and 8 that the tool-chip contact length exhibited a
decreasing trend as the cutting speed increased from 200 to
2000 m/min. This can be attributed to the increased degree of

Fig. 3 Typical chip morphologies acquired at different cutting speeds in
the milling tests and finite element simulation (v=200, 1550, and 2000m/
min)

Fig. 4 Typical morphologies of
the serrated chip that were about
to be separated (v=2000 m/min)
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chip serration. It was found that substantial decrease of tool-
chip contact length occurred as the cutting speed increased
from 1550 to 2000 m/min. Taking the degree of chip serration
at different cutting speeds into account, it can be deduced that
the formation of separated saw-tooth chip led to great decrease
of the tool-chip contact length.

3.2 Cutting forces and tool temperature

Figure 9 shows the comparisons of the average values of re-
sultant cutting force Fra (in X and Y directions) obtained in
experimental tests and finite element simulation. It can be seen
from Fig. 9 that the cutting force decreased as the cutting
speed increased from 200 to 2000 m/min. Moreover, it can
be found that the simulated cutting force was close to that
obtained in the milling tests, which demonstrated the accuracy
of the simulated results.

Figure 10 shows the typical evolution processes of resul-
tant cutting forces Fr acquired at different cutting speeds.

There existed cutting period and non-cutting period in one
cutting cycle in the milling process. In the present work, the
time was set to be zero when half of the cutting period was
finished. It can be observed from Fig. 10 that there existed no
cyclical fluctuations of cutting force at the cutting speed of
200 m/min. However, fierce fluctuation of cutting force arose
at cutting speeds of 1550 and 2000 m/min. The fluctuation
frequency of cutting force was calculated and compared with
that of saw-tooth formation. It was found that the fluctuation
frequency of the cutting force at each cutting speed was con-
sistent with that of the saw-tooth formation shown in Fig. 6. It
can be deduced that the periodically changing cutting thick-
ness resulted from the saw-tooth formation led to the cyclical
fluctuation of the cutting force. The fluctuation of cutting
force caused by chip segmentation was consistent with the
analysis results obtained in previous studies [12, 17].

The amplitude AF of the resultant cutting force was defined
as:

AF ¼ FP−Fv

2
ð6Þ

where FP and Fv denoted in Fig. 10 are the peak value and
valley value of the resultant cutting force in a fluctuation cycle,
respectively. The development of the amplitude AF of resultant
cutting force with cutting speed v is shown in Fig. 11. It can be
seen from Fig. 11 that as the cutting speed increased, the am-
plitude of the cutting force exhibited an increasing trend. It was
found that the amplitude of the cutting force obtained at cutting
speed of 2000m/min was 216% of that acquired at 650m/min.
This was mainly caused by the increasing trend of the degree of
chip serration with cutting speed. The higher degree of chip
serration led to the substantial change of the cutting thickness
during the saw-tooth formation process, which subsequently
resulted in larger cutting force amplitude.

Fig. 5 Formation process of a separated saw-tooth (v=2000 m/min)

Fig. 6 Evolution of the formation frequency f of saw-tooth with cutting
speed v (v=200, 650, 1100, 1550, and 2000 m/min)
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The cutting edge temperature acquired in the simulation
was acquired and analyzed in the present work. The develop-
ment of the average value of tool temperature Tea with cutting
speed v is shown in Fig. 12. Figure 12 indicated that the
cutting edge temperature kept increasing when the cutting
speed increased. The evolving trend of the cutting edge tem-
perature with cutting speed reflected the development of the
temperature in the tool-chip contact area. Due to the thermal
softening effects caused by higher temperature in such area,
the cutting force decreased as the cutting speed increased as
shown in Fig. 9.

The typical evolution processes of tool temperature Te with
cutting time t obtained at different cutting speeds are presented
in Fig. 13. It can be observed from Fig. 13 that intense cyclical
fluctuations of tool temperature arose at cutting speeds of
1550 and 2000 m/min. However, no cyclical fluctuation of
tool temperature appeared at the cutting speed of 200 m/min.

These phenomena were similar to those shown in Fig. 10. It
was also found that the fluctuation frequency of the tool tem-
perature at each adopted cutting speed was the same to that
shown in Fig. 6. It seemed that the saw-tooth formation which
resulted in periodically changing cutting thickness had sub-
stantial effects on the cyclical fluctuations of both cutting
force and tool temperature.

The definition of the amplitude AT of the tool temperature
was similar to that of AF. The amplitude AT of the tool temper-
ature was expressed as half of the gap between peak value TP
and valley value Tv shown in Fig. 13. Figure 14 shows the
development of the amplitude AT of tool temperature with
cutting speed v. It can be observed from Fig. 14 that the am-
plitude AT of the tool temperature showed an increasing trend
as the cutting speed was raised. It can be found that the am-
plitude of tool temperature which arose at the cutting speed of

Fig. 7 Tool-chip contact areas at
different cutting speeds (v=200,
650, 1100, 1550, and 2000 m/
min)

Fig. 8 Development of tool-chip contact length L with cutting speed v
(v=200, 650, 1100, 1550, and 2000 m/min)

Fig. 9 Comparison of the average values of resultant cutting force Fra

obtained in experimental tests and finite element simulation (v=200, 650,
1100, 1550, and 2000 m/min)
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2000 m/min was 193 % of that which appeared at the cutting
speed of 650 m/min. The increase of the degree of chip serra-
tion with cutting speed was the main reason why the tool
temperature amplitude exhibited an increasing trend. Taking
the evolution of the resultant cutting force amplitude AF into
consideration, it can be concluded that the substantial change
of the cutting thickness caused by higher degree of chip ser-
ration had great effects on mechanical and thermal impact.

3.3 Tool stress and tool wear

In the present study, the maximum principal stress on the
cutting edge was obtained and analyzed by means of finite
element simulation. Figure 15 shows the development of the
average value of tool stress Sea with cutting speed v. It can be
seen that the average tool stress increased with the increment
of the cutting speed in spite of the decreasing trend of the
cutting force shown in Fig. 9. This can be attributed to the
larger value of tool temperature at higher cutting speed which
has been presented in Fig. 12. It can be deduced that the tool

temperature has greater effect on the tool stress than the cut-
ting force did at relatively high cutting speed.

The typical evolution processes of tool stress Se with cut-
ting time t are shown in Fig. 16. Taking the analysis of Figs. 10
and 13 into consideration, the cyclical fluctuations of tool
stress which arose at cutting speeds of 1550 and 2000 m/
min can be attributed to the combined effects of cyclical
changing cutting force and tool temperature. It should be
pointed out that as has been elaborated, the cyclical changing
cutting force and tool temperature stemmed from the period-
ically changing cutting thickness induced by saw-tooth chip
formation. Analysis of the fluctuation frequency of the tool
stress at each cutting speed was performed. It was found that
the fluctuation frequency of the tool stress was the same to that
of the saw-tooth formation, cutting force, and tool
temperature.

The amplitude AS of the tool stress was investigated. It was
defined to be half of the difference between peak value SP and
valley value Sv denoted in Fig. 16. Figure 17 presents the
development of the amplitude AS of tool stress with cutting

Fig. 10 Evolution of resultant cutting forces Fr with cutting time t in the
cutting period (v=200, 1550, and 2000 m/min)

Fig. 11 Development of the amplitude AF of resultant cutting force with
cutting speed v (v=200, 650, 1100, 1550, and 2000 m/min)

Fig. 12 Development of the average value of tool temperature Tea with
cutting speed v (v=200, 650, 1100, 1550, and 2000 m/min)

Fig. 13 Evolution of the tool temperature Te with cutting time t (v=200,
1550, and 2000 m/min)
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speed v. Figure 17 indicates that when higher cutting speed
was adopted, a larger value of the tool stress amplitude ap-
peared. The larger value of the tool stress amplitude AS which
arose at higher cutting speed was mainly caused by the in-
creasing trends of both AF and AT with cutting speed shown
in Figs. 11 and 14.

In the present work, analysis of tool wear mechanisms fo-
cused on the cutting tools tested at relatively high cutting
speeds (1550 and 2000 m/min). Figure 18 shows the typical
morphologies of the cutting edge of the worn tools obtained at
cutting speeds of 1550 and 2000 m/min. It can be observed
from Fig. 18 that for the cutting tools tested at these cutting
speeds, the main wear pattern of the cutting tool was flank
wear and there seemed to be no obvious wear on the tool rake
face. It has been shown in Fig. 8 that the tool-chip contact
length was very small at the cutting speeds of 1550 and
2000 m/min. At the cutting speed of 2000 m/min, the emer-
gence of the separated saw-tooth caused substantial decrease
of the tool-chip contact length. These were the main reasons
why no obvious wear appeared on the tool rake face. Previous
investigation [3] also showed that there was no obvious wear
on the tool rake face due to the short tool-chip contact length at
relatively high cutting speed.

The main difference between the worn tools obtained at
cutting speeds of 1550 and 2000 m/min appeared at the cut-
ting edge. It can be found from Fig. 18a, c that the main wear
mechanisms of the cutting edge tested at the cutting speed of
1550 m/min was adhesion. Figure 18b, d shows that chipping
arose on the cutting edge at the cutting speed of 2000 m/min.
The average value and the amplitude of tool stress were higher
at the cutting speed of 2000 m/min, indicating the combined
effects of intenser thermal and mechanical impact in the cut-
ting process. These led to the emergence of the chipping on
the cutting edge at the cutting speed of 2000 m/min, which
was not observed on the cutting edge when the tool was tested
at 1550 m/min. It was also observed that there existed a crack
close to the cutting edge for tools tested at cutting speeds of
1550 and 2000 m/min. This was mainly caused by the decay
of the tool material property induced by high cutting temper-
ature and relatively intense mechanical and thermal impact at
higher cutting speed.

Fig. 14 Development of the amplitude AT of tool temperature with
cutting speed v (v=200, 650, 1100, 1550, and 2000 m/min)

Fig. 15 Development of the average value of tool stress Sea with cutting
speed v (v=200, 650, 1100, 1550, and 2000 m/min)

Fig. 16 Evolution of the tool stress Se with cutting time t (v=200, 1550,
and 2000 m/min)

Fig. 17 Development of the amplitude AS of tool stress with cutting
speed v (v=200, 650, 1100, 1550, and 2000 m/min)
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4 Conclusions

In the present study, chip formation, cutting force, tool tem-
perature, tool stress, and tool wear in high- and ultra-high-
speed milling of AISI H13 hardened steel were investigated
by means of experimental tests and finite element simulation.
Effects of chip formation on mechanical load, thermal load,
and wear of the tool cutting edge are analyzed. The following
conclusions can be drawn from the present work:

& As the cutting speed increased, the serration of chip be-
came more and more obvious. Most of the saw-tooth was
separated at the cutting speed of 2000 m/min. The high
temperature in the area between the adjacent saw-tooth
had great effect on the formation of the separated saw-
tooth. During the formation process of the separated
saw-tooth, the initiation of the crack in the chip was influ-
enced substantially by the high temperature in the shear
band. When the cutting speed increased, the formation
frequency of saw-tooth increased with decreasing growth
rate. Due to the increased degree of chip serration, the
tool-chip contact length showed a decreasing trend as the
cutting speed increased. The formation of separated saw-
tooth chip led to substantial decrease of the tool-chip con-
tact length at cutting speed of 2000 m/min.

& The cutting force decreased with the increment of cutting
speed. In contrast, the tool temperature exhibited an oppo-
site evolving trend. The fluctuation frequency of cutting
force and tool temperature at each cutting speed was

consistent with that of the saw-tooth formation. The saw-
tooth formation which led to periodically changing cutting
thickness had substantial effects on the cyclical fluctua-
tions of both cutting force and tool temperature. As the
cutting speed increased, the amplitude of both the cutting
force and tool temperature exhibited an increasing trend.
As the cutting speed increased from 650 to 2000 m/min,
the amplitude of cutting force and tool temperature grew
116 and 93 %, respectively. The higher degree of chip
serration at higher cutting speed led to the substantial
change of the cutting thickness, resulting in greater me-
chanical and thermal impact.

& When the cutting speed was relatively high, the tool
temperature has greater effect on the tool stress than
cutting force did. Due to the combined effects of cy-
clical changing cutting force and tool temperature, cy-
clical fluctuations of tool stress arose at cutting speeds
of 1550 and 2000 m/min. It was found that the fluc-
tuation frequency of the tool stress was the same to
that of saw-tooth formation, cutting force, and tool
temperature. The increasing trends of both cutting
force AF and tool temperature amplitude AT with cut-
ting speed resulted in the larger value of the tool stress
amplitude AS which arose at higher cutting speed.
Because of the small tool-chip contact length at the
cutting speeds of 1550 and 2000 m/min, there was
no obvious wear on the tool rake face. The higher
average value and the amplitude of tool stress at cut-
ting speed of 2000 m/min led to the emergence of

Fig. 18 Comparison of typical
morphologies of the cutting edge
of the worn tools obtained at
cutting speeds of 1550 and
2000 m/min
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chipping on the cutting edge, which was not observed
on the cutting edge when the tool was tested at
1550 m/min.
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