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Abstract High-speed face milling experiments of AISI H13
steel (4647 HRC) with cubic boron nitride (CBN) tools
were conducted in order to identify the characteristics of
cutting forces, chip formation, and tool wear in a wide range
of cutting speed (200—-1,200 m/min). The velocity effects are
focused on in the present study. It was found that, at the
cutting speed of 800 m/min, which can be considered as a
critical value, relatively low mechanical load, relatively low
degree of chip segmentation, and relatively long tool life can
be obtained at the same time. Both the cutting forces and the
degree of chip segmentation firstly decrease and then in-
crease with the cutting speed, while the tool life exhibits the
opposite trend. By means of analyzing the wear mechanisms
of tools tested under different cutting speeds, it was found
that, as the cutting speed increases, the influences of fracture
and chipping resulting from mechanical load on tool wear
were reduced, while the influences of adhesion, oxidation,
and thermal crack accelerated by high cutting temperature
became greater. There exist obvious correlations among
cutting forces, chip formation, and tool wear.

Keywords Cutting forces - Chip formation - Tool wear -
High-speed face milling - CBN tool
1 Introduction

With the development of rigid machine tools and hard
cutting materials, the technology of high-speed machining
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has been widely applied in the field of manufacturing com-
ponents in their hardened state.

Due to the retention of strength to higher temperatures
than other tool materials, excellent abrasion resistance, and
resistance to reaction with the ferrous work materials, the
cubic boron nitride (CBN) tool material is preferred for the
machining of hardened steel [1]. There have been consider-
able amounts of research [2—8] on cutting forces and surface
roughness in turning hardened steels with CBN tools. Many
studies [9—15] have also been conducted in order to inves-
tigate CBN tool wear in hard turning. These works provide
much valuable information for the application of CBN tools
in hard turning theoretically and experimentally.

However, relatively scant researches have been con-
ducted in the field of milling hardened steel with CBN tools.
Aslan [16] studied the performance and wear behavior of
different cutting tools in end milling of X210 Crl2 cold
work tool steel (62 HRC). When CBN tools were used, the
best cutting performance can be reached in terms of flank
wear and surface finish. End milling of AISI D2 hardened
steel (58 HRC) with a round CBN insert used was con-
ducted by Koshy et al. [17]. Acceptable tool life and good
surface finish can be obtained. Fracture of the cutting edge
was the governing wear mechanism for CBN tools. Braghini
and Coelho [18] presented a study of the wear of CBN and
cemented carbide tools in end milling AISI D6 hardened
steel (58 HRC) at low/medium cutting speeds. It was found
that the CBN tools could produce R, values in the range of
those obtained with surface grinding. The main wear mech-
anism of the CBN tools was a combination of adhesion and
abrasion. Okada et al. [19] investigated the cutting perfor-
mance of CBN tools and PVD-coated carbide tools in end
milling of hardened steel. Tool wear, tool flank temperature,
cutting force, and surface roughness were studied practical-
ly. The results showed that the CBN tools and coated
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Fig. 1 The experimental setup
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carbide tools such as coated TiAIN and TiAIN/AICtN could
adequately be applied to high- and low-speed hardmilling,
respectively. It can be concluded that these previous studies
mainly focus on cutting performance and tool wear in end
milling. Very few studies were conducted in the field of face
milling of hardened steel. Studies on cutting forces and chip
formation, both of which have great effect on cutting per-
formance and tool wear, are very scant. In these researches,
the cutting speeds adopted were limited to be no more than
600 m/min.

In the present study, high-speed face milling experiments
of AISI H13 steel (4647 HRC) are performed with CBN
tools used. High cutting speeds over a wide range (200—
1,200 m/min) are applied. The velocity effects on cutting
forces, chip formation, and tool wear are concentrated on.
The variation trends of cutting forces and chip formation
with cutting speed are analyzed so as to identify the charac-
teristics of mechanical load, mechanical impact, and thermal
impact. Based on the analysis results, the CBN tool wear
mechanisms in high-speed face milling are revealed.

2 Experimental procedures
2.1 Cutting tool and machine tool
CBN inserts SNGN 090308S-01020 CBN100 made and

recommended by Seco Tool Company were used in the
milling tests. The CBN insert had negative chamfer angle

which was beneficial for protecting the tool from chipping.
Seco R220.74-0063-09-6 tool holder with a tool diameter of
63 mm was adopted. Taking the mechanical and thermal
impact in the milling process into account, a relatively large
major cutting edge angle of 75 © was adopted. Mainly due to
the high brittleness and low fracture toughness of the CBN
tool, the axial rake angle (—6 °) and radial rake angle (=7 °)
were designed to be negative. The tool holder is capable of
carrying six inserts. Only one of the teeth was used in all the
milling tests so as to avoid the effect of small difference
between the teeth and maintain constant cutting conditions.
All the milling tests were conducted under dry condition on
a vertical CNC machining center DAEWOO ACE-V500
with a maximum spindle rotational speed of 10,000 rpm
and a 15-kW drive motor as shown in Fig. 1.

2.2 Workpiece material

Because of its great high-temperature strength and wear
resistance, AISI H13 tool steel is widely applied in extru-
sion, hot forging, and pressure die casting. In the present
study, a block of AISI H13 hardened steel was used. The
hardness test showed that the workpiece was hardened to 46
to 47 HRC. The width and length of the workpiece block are
75 and 100 mm, respectively. The actual chemical compo-
sition of the workpiece was tested prior to the cutting tests,
and the results showed that it was consistent with the nom-
inal chemical composition of the AISI H13 tool steel as
shown in Table 1.

Table 1 Nominal chemical

composition of AISI H13 tool C Mn Si

Cr Mo \% Ni Fe

steel (wt.%)

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.
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Table 2 Cutting parameter combinations adopted in the milling tests

Exp. no. v (m/min) . (mm/tooth) a, (mm)
1 400 0.05 0.30
2 400 0.10 0.30
3 400 0.15 0.30
4 400 0.10 0.15
5 400 0.10 0.30
6 400 0.10 0.45
7 1,200 0.05 0.30
8 1,200 0.10 0.30
9 1,200 0.15 0.30
10 1,200 0.10 0.15
11 1,200 0.10 0.30
12 1,200 0.10 0.45

2.3 Cutting tests

As recommended by the tool supplier, up-milling was adop-
ted. Radial depth of cut a. was set as invariable 31.5 mm.
The influences of cutting speed v on cutting forces, chip
formation, and tool wear are focused on.

Firstly, experiments with cutting speed ranging from 200
to 1,200 m/min with 100 m/min as an interval were per-
formed. Feed per tooth f, and axial depth of cut a, were
fixed as 0.1 mm/tooth and 0.3 mm, respectively. After that,
tests under cutting parameter combinations listed in Table 2

were conducted in order to identify the differences of the
effects of feed per tooth and axial depth of cut on cutting
forces in different cutting speed ranges.

Each test was replicated three times under given milling
conditions. The cutting forces were measured by means of
Kistler piezoelectric dynamometer (type 9257A) mounted on
the machine table as shown in Fig. 1. Before the milling tests,
it was calibrated both statically and dynamically. The charge
generated at the dynamometer was amplified using a multi-
channel charge amplifier. The force sensor output was filtered
to eliminate high-frequency noise caused by the process var-
iables. The sampling frequency of data was set to be 4,000 Hz.
During the milling tests, the flank wear values of the cutting
tools were examined periodically with an optical microscope.
Tool life was recorded when the flank wear reached or in-
creased over 0.3 mm. After the experiments, the chips and
worn tools were observed using a Keyence VHX-600E 3D
digital microscope and scanning electron microscopy (SEM).
The worn tools were also analyzed by means of energy
dispersive X-ray spectroscopy (EDS).

3 Results and discussion

3.1 Cutting forces

During the first pass of the workpiece surface, the cutting
forces were recorded when the milling cutter reached the

Fig. 2 The evolution of cutting 40 ¢ 50 -
forces with cutting speed v
(,=0.1 mm/tooth, a,=0.3 mm). | 40
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midpoint of the workpiece. There were 4,000 data points in
each recorded signature per cutting force component. The
data points of the resultant cutting force F}; are calculated as
shown in Eq. (1):

F= \/Eri2+Fyi2+in2 (1)

where Fy;, Fy;, and F; are data points of the cutting forces in
X, Y, and Z directions, respectively. Taking the continuous
variability of the sampled data into account, the static force
component F in certain direction can be defined as the
mean value of the corresponding sampled data point F;
[20] as shown in Eq. (2):

1 N
Fi=5 (Zl Fi> (2)

where N is the number of data points. Fy, Fy, and Fg, are
used to represent the static cutting force in X, Y, and Z
directions, respectively. F, is the static component of the
resultant cutting force.

Figure 2 shows the evolution of the cutting forces with
cutting speed. It can be seen that all the cutting forces
exhibit similar developing trends. They all firstly decrease
with the cutting speed and reach a valley value. Then, they
increase with cutting speed. The cutting forces F, Fy, and
F, arrive at valley values at cutting speeds of 600, 700, and
800 m/min, respectively. When the cutting speed is between
600 and 800 m/min, the resultant cutting force F§; is rela-
tively lower. It was found that, when 800 m/min is adopted,
the smallest value of F, appears. The cutting speed of
800 m/min can be considered as a critical cutting speed at
which low mechanical load can be obtained.

As the cutting speed increases, higher temperature gen-
erates in the shear zone, leading to great reduction in shear
strength of the workpiece material in the shear zone [21].
When the cutting speed is high, with the increase of cutting
speed, the friction between the tool rake face and the chip
will be reduced because of the increase of cutting tempera-
ture [22]. An increase in cutting speed would also lead to an

05
04F

0.3

0.2F

0.1F

Toolflank wear VB (mm)

0 1 1 ' 1 1 J
0 200 400 600 800 1000 1200
Cutting speed v (m/min)

Fig. 3 Tool flank wear VB after one pass of the workpiece surface vs.
cutting speed v (f, =0.1 mm/tooth, a,=0.3 mm)
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Fig. 4 The resultant cutting force F, vs. feed per tooth £, (a,=0.3 mm)

increase in the shear plane angle and a corresponding re-
duction in chip thickness and tool—chip contact area [23].
Due to the combined effects of these influencing factors, the
cutting forces initially decrease with the cutting speed as
shown in Fig. 2. Figure 3 shows the tool flank wear after one
pass of the workpiece surface. Probably due to the effect of
the mutual interaction between the cutting forces and tool
wear, both of them exhibit similar evolving trends with the
cutting speed. When the cutting speed is relatively low, the
relatively high mechanical load makes the tools more in-
clined to wear, which subsequently results in the increase of
cutting forces. This is more obvious when the cutting speed
is below 400 m/min.

Figure 3 shows that, as the cutting speed increases over
800 m/min, the tool flank wear increases rapidly with the
cutting speed. When higher cutting speed is adopted, the
effect of the higher cutting temperature on tool wear will be
significant. Thermal crack, fiercer diffusion, oxidation, and
adhesion probably will happen on the tool. The higher tool
wear rate has a greater effect on cutting forces than the
higher cutting temperature does, leading to the increasing
trend of the cutting forces as shown in Fig. 2.

As has been discussed, when the cutting speed of 800 m/
min is adopted, the lowest mechanical load can be obtained.
Two cutting speeds, 400 and 1,200 m/min, were chosen to
identify the differences in the effects of feed per tooth and
depth of cut on the resultant cutting force F§, in different
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Fig. 5 The resultant cutting force 7, vs. depth of cut a,, (£, =0.1 mmy/tooth)
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Fig. 6 Chip morphologies
obtained under different cutting
speeds (f, =0.1 mm/tooth, a,=
0.3 mm). a v=200 m/min, b v=
400 m/min, ¢ v=600 m/min, d
v=800 m/min, e v=1,000 m/
min, f v=1,200 m/min

(a) v =200 m/min

(d) v =800 m/min

cutting speed ranges (< 800 and > 800 m/min). The cutting
parameter combinations adopted are shown in Table 2. Fig-
ures 4 and 5 show the evolutions of F, with feed per tooth
and depth of cut. The fitted straight lines of the curves are
also shown in Figs. 4 and 5. By comparing the slopes of the
fitted straight lines, it was found that, as the cutting speed
increases over 800 m/min, the influence of feed per tooth £,
and axial depth of cut a, on F, increases and decreases,
respectively.

Fig. 7 Magnified chip
morphologies obtained under
different cutting speeds (f,=
0.1 mm/tooth, a,=0.3 mm).
a v=200 m/min, b v=400
m/min, ¢ v=800 m/min,

d v=1,200 m/min

(b) v =400 m/min

(e) v=1000 m/min (f) v =1200 m/min

3.2 Chip formation

Figure 6 shows the chip morphologies obtained under dif-
ferent cutting speeds. It can be seen that, as the cutting speed
increases, the shape of the chip evolves in a regular way:
long helix chip (v=200 m/min), washer-shaped chip (v=
400 m/min), short arc-shaped chip (v=600 m/min, v=
800 m/min), long helix chip (v=1,000 m/min, v=1,200 m/
min). It should be pointed out that, compared with the chip

(c) v =800 m/min

(d)v = 1200 m/min
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obtained under a cutting speed of 200 m/min, the long helix
chip at 1,000 and 1,200 m/min, respectively, is curlier. This
can be attributed to the higher cutting temperature under
which the chip is more inclined to be distorted. The short
arc-shaped chip indicates that, when the cutting speed is
between 600 and 800 m/min, chip breaking is more likely
to happen.

Figure 7 shows the typical magnified chip morphologies
obtained under four cutting speeds. The magnified areas are
all located in the middle part of the corresponding chips.
The length between the sawtooth segment tips is denoted as
L as shown in Fig. 7a. The length L is used to reflect the
degree of segmentation. For the chip obtained under each
combination of cutting parameter, this length is measured
five times and the average value is calculated. The develop-
ment of length L with cutting speed is shown in Fig. 8. It
was found that, as the cutting speed increases, L initially
decreases with the cutting speed, and when the cutting speed
is above 800 m/min, it keeps increasing.

As is stated by Ai [22], due to the increase of strain rate,
the increase of cutting speed will cause the enhancement of
brittleness of the workpiece material, leading to a higher
tendency of forming serrated chip, while the higher cutting
temperature that resulted from higher cutting speed will
reduce the brittleness. When the cutting speed is relatively
low, the reduction of brittleness caused by the low cutting
temperature is little. Though the strain rate is relatively
small, the length L is still large. As the cutting speed
increases, both the cutting temperature and strain rate in-
crease. Probably due to the greater effect of cutting temper-
ature, L decreases with the cutting speed when it is below
800 m/min. It seems that, at the cutting speed of about
800 m/min, the effects of strain rate and cutting temperature
reach a balance. When the cutting speed increases over
800 m/min, the effect of strain rate on the formation of
serrated chip is greater than that of cutting temperature,
leading to the increasing trend of length L.

The formation of chip is a process during which the tool
and workpiece material keep interacting with each other.
The larger value of length L indicates that, when the cutting
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Fig. 8 The development of length L with cutting speed v (f,=0.1 mm/
tooth, a,=0.3 mm)

@ Springer

1200
1000
800

v = 800m/min

600
400 |

Tool life (mm)

200

0 L 1 1 L J
1] 200 400 600 800 1000 1200
Cutting speed v (m/min)

Fig. 9 Tool life vs. cutting speed v. (f,=0.1 mm/tooth, a,=0.3 mm)

speed is relatively low or high, the mechanical and thermal
impacts acting on the cutting tool are fiercer during the
formation of each sawtooth. This is harmful to the cutting
tool. Taking the evolution of the resultant cutting force
shown in Fig. 2d into consideration, it is reasonable to
speculate that, when the cutting speed is close to 800 m/
min, relatively long tool life is expected to be obtained.

3.3 Tool wear

In the present study, tool life is represented by feed length.
As is shown in Fig. 9, when the cutting speed is no more
than 800 m/min, the tool life increases with cutting speed
and reaches a peak value at the cutting speed of 800 m/min.
When the cutting speed is above 800 m/min, tool life
decreases with cutting speed. The relatively long life of
the tools tested under cutting speeds close to 800 m/min
verifies the speculation made in “Chip formation”. The
cutting speed of 800 m/min can be considered as a critical
cutting speed. At this speed, relatively low mechanical load,
relatively low degree of segmentation of the sawtooth chip,
and relatively long tool life can be obtained.

The increasing trend of the tool life with cutting speed
can be mainly attributed to the decreasing cutting force as
shown in Fig. 2d. The decreasing degree of segmentation of

E:" v=200m/min -u- \f=4lJlJnlfmin H
A= y=600m/min! <S5 yv=800m/min>

= y=1000m/min o—y=1200m/min!
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Flank wear VB (mm)
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1200
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Feed length (mm)

Fig. 10 Tool wear processes obtained under different cutting speeds
(f,=0.1 mm/tooth, a,=0.3 mm)
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Fig. 11 a—c SEM images of the
typical worn tool tested under
cutting speed v=400 m/min
(,=0.1 mm/tooth, @,=0.3 mm)

sawtooth chip shown in Fig. 8 should also contribute to the
increasing tool life to some extent. As for the decrease of
tool life with cutting speed shown in Fig. 9, besides the
influences of increasing cutting force and higher degree of
sawtooth segmentation, the effect of much higher cutting
temperature on tool wear should also be taken into account.

Figure 10 shows the tool wear evolutions obtained under
different cutting speeds. It was found that there are apparent
differences between the tools tested under cutting speeds
below and above 800 m/min. When the cutting speed is below
800 m/min, the wear rate grows with the feed length and the
tools are more likely to wear out in an abrupt way at the end of
tool life. However, as the cutting speed increases over 800 m/

min, though the wear rate is relatively high in the early and late
stages of tool life, it is very small in the middle stage which
account for the majority of tool life. For the cutting conditions
under consideration, tool reliability should be higher when
relatively high cutting speed is adopted. With the increase of
cutting speed, thermal softening has a much greater effect on
the reduction of the workpiece hardness than it does on that of
tool material. Due to the greater gap of hardness, when the
cutting speed is high, the wear rate is relatively small in the
middle stage of tool life.

The analysis of tool life and tool wear process show that,
for the tools tested in different cutting speed ranges (below
and above 800 m/min), great differences exist. Taking the

JU\ Fe Fe w

keV|

Fig. 12 EDS analysis of point 1 in Fig. 11c
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Fig. 13 a—c SEM images of the
typical worn tool tested under
cutting speed v=800 m/min
(,=0.1 mm/tooth, @,=0.3 mm)

critical cutting speed 800 m/min into consideration, the
worn tools obtained under three cutting speeds (400, 800,
and 1,200 m/min) are investigated in order to distinguish the
characteristics of the tool wear mechanisms when tested in
different cutting speed ranges.

Figure 11 shows the SEM images of the typical worn tool
when the cutting speed of 400 m/min is adopted. It can be
seen that a large flaked region appeared on the tool rake
face. On the cutting edge, serious chippings happen. Since
the cutting speed is relatively low, the effect of cutting
temperature on tool wear is not obvious. It is inferred that
the flaking and chippings are mainly caused by the relative-
ly large mechnical load. The relatively large mechanical

load as shown in Fig. 2d should also be the main reason
for the catastrophic fracture which exists on the tool flank
face. The relatively large mechanical and thermal impact
that resulted from the high degree of segmentation of saw-
tooth chip also contributed to these tool wear morphologies
to some extent. Figure 12 shows the EDS analysis of point
1 denoted in Fig. 1lc. The low content of element Fe
(0.48 wt.%) and relatively low content of element O
(7.98 wt.%) indicate that, due to the low cutting temperature,
the effect of adhesive wear and oxidation wear on tool failure
is relatively small.

As shown in Fig. 13, compared with the worn tools
obtained under 400 m/min, no flaking occurred on the tool

<

Si

Mo

Ti

Fig. 14 EDS analysis of point 2 in Fig. 13¢
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rake face when the cutting speed was 800 m/min. There
exist many microchippings on the cutting edge, and the
worn region is much smaller. As for the flank face, the
fractured region also becomes much smaller. These changes
of tool wear morphologies should be attributed to the much
lower mechanical load and much lower mechanical and
thermal impact induced by low degree of segmentation of
sawtooth chip. As the cutting speed increases, the influence
of higher cutting temperature on tool wear become much
more obvious. There seems to be serious adhesion on the
tool flank face as shown in Fig. 13c. The EDS analysis of
point 2 shown in Fig. 14 reveals that the content of element
Fe and O is 35.8 and 13.16 wt.%, respectively, indicating

Fig. 15 a—h SEM images of
the typical worn tool tested
under cutting speed v=1,200 m/
min (f,=0.1 mm/tooth, a,=

0.3 mm)

the higher influence of adhesion and oxidation on tool flank
wear.

Maily due to the effect of much higher cutting temper-
ature, the tool wear mechanisms of the tools tested under
the cutting speed of 1,200 m/min are very different from
those obtained using a relatively low cutting speed.
Liquid-like materials appear on the rake face of the cut-
ting tool as shown in Fig. 15a. It was found that there
were many gas cavities in them. The EDS analysis of
point 3 denoted in Fig. 15a reveals clements from the
workpiece material and element O as shown in Fig. 16a.
The content of element Fe and O is 49.98 and 37.36 wt.%,
respectively. It is inferred that the liquid-like materials are the
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melt chip, which is the product that resulted from the fierce
physical and chemical reactions between the workpiece ma-
terial and the atmosphere under high cutting temperature.
Taking the melt point of the workpiece material into consid-
eration, in some local region the cutting temperature should be
more than 1,427 °C.

There are many particulates distributed on the tool rake
face as shown in Fig. 15e, f. As the distribution of these
particulates shows no direction, they should not be caused

by the adhesion from the workpice material. Figure 16¢
shows the EDS analysis of point 5 in Fig. 15e. A large
content of eclement Fe (77.72 wt.%) and element O
(7.95 wt.%), respectively, indicates that they are the work-
piece material which has reacted with oxygen. As shown in
Fig. 17, during the milling process, the chip flew away with
very high temperature. Some of these chips were melt as
shown in Fig. 15a. The temperature of the melt chip surface
decreased rapidly when it was flying away, and slag

Cr
N
Fe
Fe
W
- 4 Fe
W A% Cr
05 1 15 2 25 3 35 4 45 5 55 6 65 7 15 8 85
ke
(a) EDS analysis of point 3 in Fig. 15 (a).
v
Cr
Mn
8 85
keV|

(b) EDS analysis of point 4 in Fig. 15 (d).

Fig. 16 EDS analyses of points 3, 4, 5, and 6 in Fig. 14b. a EDS analysis of point 3 in Fig. 15a. b EDS analysis of point 4 in Fig. 15d. ¢ EDS

analysis of point 5 in Fig. 15¢. d EDS analysis of point 6 in Fig. 15h
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(c) EDS analysis of point 5 in Fig. 15 (e).
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Mn
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(d) EDS analysis of point 6 in Fig. 15 (h).

Fig. 16 (continued)

probably formed on the chip surface. Due to the interaction
between the chip and the cutting tool, particulates from the
chip surface landed on the tool rake face. The accumulation
of these particulates on the tool rake face formed the mor-
phologies shown in Fig. 15e, f.

Compared with the tools tested under 800 m/min, the
region of the worn cutting edge seems to be smaller and
smoother when the cutting speed is 1,200 m/min. As
the cutting speed increases, it seems that the region of

the cutting edge is becoming smaller, which can be
attributed to the shorter tool—chip contact length caused
by higher cutting cutting speed. As stated by Molinari
and Nouari [24], diffusion at the tool—chip interface is
controlled by the contact temperature, and diffusion
wear is characterized by a smooth worn surface with
no plastic deformation. The smoother worn cutting edge
can be attributed to diffusion wear accelerated by high
cutting temperature. The EDS analysis of point 4 in
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Fig. 17 Photo captured during the milling process (v=1,200 m/min,
/,=0.1 mm/tooth, a,=0.3 mm)

Fig. 15d shows a large amount of element Fe and O
(17.76 and 45.59 wt.%, respectively), indicating the
great effect of adhesion and oxidation on the wear of
cutting edge. From Fig. 15d, it can be seen that there
are many grooves perpendicular to the cutting edge,
which is not encountered when the cutting speed is
800 m/min. The magnified image in Fig. 15¢ shows
that there are microcracks located at the bottom of these
grooves. Taking the directions of these grooves into
consideration, it seems that besides microchipping, dif-
fusion, adhesion, and oxidation, thermal crack caused
by high temperature gradient also contributes greatly to
the failure of the cutting edge.

Serious adhesion appears on the tool flank face when the
cutting speed is 1,200 m/min as shown in Fig. 15g, h. The
high cutting temperautre has great influence on the forma-
tion of larger amounts of adhesion. The EDS analysis of
point 6 denoted in Fig. 15h is shown in Fig. 16d. It was
found that there is a high content of elements Fe and O
(50.69 and 30.32 wt.%, respectively) in the adhesive region,
meaning that, besides fracture, adhesion and oxidation also
influence the flank wear greatly.

By means of comparing the tool mechanisms under dif-
ferent cutting speeds, it can be concluded that, as the cutting
speed increases, the influences of fracture and chipping that
resulted from mechanical load on tool wear are reduced,
while the influences of adhesion, oxidation, and thermal
crack accelerated by high cutting temperature become great-
er. At the cutting speed of 800 m/min, both the influences of
mechanical load and cutting temperature on tool wear are
relatively low, and relatively long tool life can be obtained at
this critical cutting speed.

4 Conclusions

High-speed face milling experiments of AISI H13 steel (46—
47 HRC) were conducted with CBN tools used. High
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cutting speeds ranging from 200 to 1,200 m/min were
adopted. This paper focused on the velocity effects on
cutting forces, chip formation, and tool wear. Their evolu-
tions with cutting speed were identified and analyzed. The
characteristics of wear mechanisms of tools tested under
different cutting speeds were investigated and compared.
The following conclusions can be made:

* As the cutting speed increases, the cutting forces Fi,
Fyy, and F, decrease firstly and then increase with the
cutting speed, and they reach valley values at cutting
speeds of 600, 700, and 800 m/min, respectively. As for
the resultant cutting force Fy, it evolves in a similar way
and the smallest value arises when the cutting speed is
800 m/min. The decreasing trend of cutting forces is
mainly caused by the combined effects of the influenc-
ing factors such as reduction of the shear strength in the
shear zone, chip thickness, tool—chip contact area, and
increase of shear angle, all of which resulted from higher
cutting speed, while the increasing trend can be mainly
attributed to the increase of tool wear. When the cutting
speed is above 800 m/min, the influence of feed per
tooth and depth of cut on Fy, increases and decreases,
respectively.

* As the cutting speed increases, the shape of the chip
evolves in the following order: long helix chip (v=
200 m/min), washer-shaped chip (v=400 m/min), short
arc-shaped chip (v=600 m/min, v=800 m/min), and
long helix chip (v=1000 m/min, v=1200 m/min). Chip
breaking seems to be more likely to happen when the
cutting speed is between 600 and 800 m/min. The de-
gree of chip segmentation decreases firstly with cutting
speed and arrives at a valley value at the cutting speed of
800 m/min. Then, it increases with the cutting speed.
The development of chip segmentations can be attribut-
ed to the evolution of strain rate and cutting temperature
with cutting speed.

* Compared with the variation trend of cutting forces
and chip formation, the tool life evolves in an op-
posite way; namely, it initially increases with the
cutting speed and then decreases. The opposite trend
of the tool life with cutting speed reveals the corre-
lations among cutting forces, chip formation, and
tool wear and verifies the speculation that, at the
cutting speed of 800 m/min, relatively long tool life
can be obtained. By comparing the evolution process
of tool wear with cutting speed in different speed
ranges, it was found that higher tool reliability is
expected to arise when the cutting speed is above
800 m/min. When the cutting speed increases, the
influences of fracture and chipping caused by me-
chanical load on tool wear are reduced, while the
influences of adhesion, oxidation, and thermal crack
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accelerated by high cutting temperature become
greater. At the critical cutting speed of 800 m/min,
due to the relatively low influences of mechanical
load and cutting temperature on tool wear, relatively
long tool life can be obtained.
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