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Abstract Many previous researches on high-speed ma-
chining have been conducted to pursue high machining
efficiency and accuracy. In the present study, the character-
istics of cutting forces, surface roughness, and chip
formation obtained in high and ultra high-speed face
milling of AISI H13 steel (46–47 HRC) are experimentally
investigated. It is found that the ultra high cutting speed of
1,400 m/min can be considered as a critical value, at which
relatively low mechanical load, good surface finish, and
high machining efficiency are expected to arise at the same
time. When the cutting speed adopted is below
1,400 m/min, the contribution order of the cutting
parameters for surface roughness Ra is axial depth of
cut, cutting speed, and feed rate. As the cutting speed
surpasses 1,400 m/min, the order is cutting speed, feed
rate, and axial depth of cut. The developing trend of the
surface roughness obtained at different cutting speeds
can be estimated by means of observing the variation of
the chip shape and chip color. It is concluded that when
low feed rate, low axial depth of cut, and cutting speed
below 1,400 m/min are adopted, surface roughness Ra
of the whole machined surface remains below 0.3 μm, while
cutting speed above 1,400 m/min should be avoided even if
the feed rate and axial depth of cut are low.

Keywords Cutting forces . Surface roughness . Chip
formation . High-speed face milling . AISI H13 steel

1 Introduction

The primary objective of manufacturing operation is to
efficiently produce parts with high quality. The high-speed
machining processes can produce more accurate parts as
well as reduce the costs associated with assembly and
fixture storage by allowing several process procedures to be
combined into a monolithic one [1]. For the purpose of
enhancing machining efficiency and accuracy at the same
time, many significant researches on high-speed machining
have been conducted.

High-speed milling has been widely used in the
manufacturing of aluminum aeronautical and automotive
components so as to generate surfaces with high geometric
accuracy. The tool materials and rigid machine tools have
advanced to be applied in hard milling, which can even be
an alternative for the grinding process to some extent [2, 3].
In order to reveal the effects of cutting conditions especially
cutting speed on the machining efficiency and product
quality in high-speed hard milling, comprehensive and
thorough researches on surface roughness and chip forma-
tion should be conducted.

There are relatively few researches relating to surface
roughness in the field of high-speed milling of hardened
steels, and studies on chip formation are scant. As is stated
by Ghani et al. [4], when high cutting speed, low feed rate,
and low depth of cut were adopted, good surface finish can
be obtained in semifinish and finish machining hardened
AISI H13 steel using TiN-coated carbide insert tools. The
effects of cutting parameters on surface roughness in high-
speed side milling of hardened die steels were investigated
by Vivancos et al. [5, 6], and mathematical models of
surface roughness were established by means of the design
of experiment (DOE) method. Toh [7] investigated and
evaluated the different cutter path orientations when high-
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speed finish milling hardened steel, and the results
demonstrated that vertical upward orientation is generally
preferred in terms of workpiece surface roughness. Ding et
al. [8] experimentally investigated the effects of cutting
parameters on cutting forces and surface roughness in hard
milling of AISI H13 steel with coated carbide tools. And
empirical models for cutting forces and surface roughness
were established. The analysis results showed that finish
hard milling can be an alternative to grinding process in the
die and mold industry. Siller et al. [9] studied the impact of
a special carbide tool design on the process viability of the
face milling of hardened AISI D3 steel in terms of surface
quality and tool life. It was found that surface roughness Ra
values from 0.1 to 0.3 μm can be obtained in the workpiece
with an acceptable level of tool life.

Previous studies provide much valuable information for
the understanding of surface roughness in high-speed hard
milling. But very few researches were conducted to
investigate the surface roughness in high-speed face milling
of hardened steel. And probably due to the relatively small
tool diameter and the high hardness of the workpiece, the
upper limits of the cutting speed in these studies mentioned
above are much lower than those (1,100 m/min) in the
researches on tool wear in high-speed face milling of
hardened AISI 1045 steel [1].

Because of the great high-temperature strength and
wear resistance, AISI H13 tool steel is widely applied in
extrusion, hot forging, and pressure die casting. In the
present study, characteristics of cutting forces, surface
roughness, and chip formation obtained under different
cutting speeds in high and ultra high-speed face milling
of AISI H13 steel (46–47 HRC) are identified and
compared. For the purpose of experimental investigating
the effects of cutting parameters especially cutting speed
on surface roughness, Taguchi method was used for the
DOE. Because of the dynamic effects, runout, vagaries
of the table feed, and back cutting in the milling process,
the profile of the milled surface can vary substantially in
either the feed or perpendicular directions. Wilkinson
[10] pointed out that, although some profiles were
measured in nonback cutting regions, it still seems that
such variations were realistic. In the present study, for the
purpose of reducing such variation, the milled surface is
divided into four regions, and those regions are investi-
gated separately and integratedly.

2 Experimental procedures

2.1 Workpiece material

A block of AISI H13 steel hardened to 46 to 47 HRC was
used in the present study. The nominal chemical composi-

tion of the H13 tool steel under consideration is shown in
Table 1. Dimensions of the block were designed so as to
avoid back cutting as shown in Fig. 1.

2.2 Cutting tool and machining center

A Seco R220.53-0125-09-8C tool holder with a tool
diameter of 125 mm, major cutting edge angle of 45°,
cutting rake angle of 10°, axial rake angle of 20°, and radial
rake angle of −5° was used in the milling tests. The tool
holder is capable of carrying eight inserts. The tungsten
carbide insert SEEX 09T3AFTN-D09, which is coated with
Ti(C, N)–Al2O3, was used in the experiments. In order to
simplify the analysis, only one of the teeth was used in all
the milling tests. All of the surfaces were milled using fresh
cutting edges. The milling tests were conducted 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 without cutting fluid.

2.3 Cutting tests

As has been mentioned, it has been found that the use of
high cutting speed, low feed rate, and low depth of cut
leads to a good surface finish in semifinish and finish
machining hardened AISI H13 steel [4]. Therefore, for the
purpose of acquiring better surface finish at high cutting
speed (upper limit 2,400 m/min), low feed rate (0.02–
0.06 mm/tooth) and low axial depth of cut (0.1–0.3 mm)
were adopted in the milling tests. Symmetric milling was
applied, and the radial depth of cut was fixed as 75 mm as
shown in Fig. 1. In all the milling tests, the feed length was
set to be invariable 112.5 mm so that back cutting can be
avoided.

The effects of cutting speed on cutting forces, surface
roughness Ra, and chip formation are focused on in the
present study. Firstly, experiments with all the cutting
parameters fixed except for the cutting speed v ranging
from 200 to 2,400 m/min with 200 m/min as an interval
were performed. Axial depth of cut ap and feed rate fz
were set to be invariable 0.2 mm and 0.04 mm/tooth,
respectively.

The Taguchi method uses a special design of
orthogonal arrays to study the entire parameters space
with only a small number of experiments [11]. After the
experiments with cutting speed in the range from 200 to
2,400 m/min, in order to distinguish the differences of the
effects of cutting parameters on surface roughness
obtained within different cutting speed ranges, two L9
orthogonal arrays, each of which has four columns and
nine rows, were used in the present study. For both of the
orthogonal arrays, the three influencing factors were
cutting speed, feed rate, and axial depth of cut, and one
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column of array was left empty for the error of experi-
ments. Table 2 shows the three levels of the factors in the
two arrays. The experimental layouts ME1 and ME2 are
shown in Tables 3 and 4.

Themachined surface of the workpiecematerial was divided
into four regions as shown in Fig. 2. And the total machined
surface is represented by R5. In region R2 the entrance and
exit angles stay the same, while in the other regions those
angles keep changing. Moreover, for any small time period,
the milling conditions in regions R1 and R2 can still be
considered as symmetric milling, but in regions R3 and R4

they seemed to be two different kinds of asymmetric milling.
It is inferred that these differences will lead to varying
characteristics of the mechanical and thermal loads when
machining different regions, and finally affect the way how
the surfaces generate. Taking these into consideration, in each
test for each region denoted in Fig. 2, surface roughness Ra
was measured three times along the feed direction.

Under given milling conditions, each test was replicated
three times. The surface roughness Ra in different regions
was measured along the feed direction using a portable
surface roughness tester (Model TR200, China). The
sampling length and number of spans were set to be
0.8 mm and five, respectively. As shown in Fig. 3, the
cutting forces were measured using Kistler piezoelectric
dynamometer (type 9257B) mounted on the machine table.
And the charge generated at the dynamometer was
amplified by means of a multichannel charge amplifier
(type 5070A). The sampling frequency of data was set as
7,000 Hz. After the experiments the tool wear was
examined with an optical microscope and the chips were
observed using a Keyence VHX-600E 3D digital micro-
scope with a large depth of field.

3 Results and discussion

3.1 Cutting force

The effects of cutting speed on cutting forces are focused
on in the present study. In the milling tests with cutting
speed ranging from 200 to 2,400 m/min, the cutting force
signatures were picked at the time when the milling cutter
reached the midpoint of region R2. For per cutting force
component, there were 7,000 data points in each recorded
signature. The data point Fm of the resultant cutting force is
calculated from the cutting force components as shown in
Eq. 1:

Fm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fxmð Þ2 þ Fym

� �2 þ Fzmð Þ2
q

ð1Þ

where Fxm, Fym, and Fzm are corresponding data points of
the cutting force components in x, y, and z directions,
respectively. Due to the continuous variability of the
sampled data, the static force component Fsta can be
defined as the mean value of the sampled data point Fm

[12] as shown in Eq. 2:

Fsta ¼ 1

N

XN
m¼1

Fm

 !
ð2Þ

where N is the number of the data points. Based on the
research by Toh [13], the dynamic cutting force Fdyn can be
calculated as shown in Eq. 3:

Fdyn ¼ Fmax � Fsta ð3Þ

where Fmax is the maximum data value of all the data points
of the resultant cutting force.

Since each test was replicated three times, for each
cutting speed, there exist three values for Fsta and Fdyn,
respectively. Figures 4 and 5 show the developing trends of
the average values of the static cutting force and the
dynamic cutting force with the cutting speed, respectively.
It can be seen from Fig. 4 that as the cutting speed
increases, the static cutting force firstly increases approach-
ing a peak value at a cutting speed of 1,000 m/min and then
begin to decrease. At the cutting speed of 1,400 m/min, the
static cutting force reaches a valley value. When the cuttingFig. 1 The setup of face milling

Table 1 Nominal chemical
composition of AISI H13 tool
steel (in weight percent)

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
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speed increases over 1,400 m/min, the static cutting force
keeps increasing.

When the cutting speed is relatively low, the cutting
temperature is low and adhesion is less likely to happen
between the tool and the workpiece material. Adhesion peaks
at some intermediate temperature [14]. When the cutting
speed is below 1,000 m/min, the cutting temperature
increases with the cutting speed, leading to the more serious
adhesion. It is inferred that, mainly due to the increase of the
friction coefficient induced by serious adhesion, the static
cutting force increases. As the cutting speed increases over
1,000 m/min, higher cutting temperature occurred. At high
cutting temperature, adhesion is reduced as thermal softening
has greater effect on the interface or on the workpiece
material [14]. Higher cutting temperature arises in the shear
zone, leading to the reduction of the yield strength of the
workpiece material, chip thickness, and tool chip contact
area. Moreover, the increase of cutting temperature results in
the decrease of the friction coefficient between the tool rake
face and the chip. And the shear angle will increase. Finally
the static cutting force will decrease. When the cutting speed
surpasses 1,400 m/min, the tool wear increases greatly with
the cutting speed as shown in Fig. 7. Because of the high
plowing forces induced by the increased contact area of the
larger flank wear face of the cutter acting on the workpiece,
the static cutting force increases with the cutting speed when
the cutting speed is above 1,400 m/min.

Figure 5 shows that when the cutting speed increases, the
dynamic cutting force keeps increasing until it reaches a peak
value at about 1,000 m/min. Then it decreases until the cutting
speed is 1,400 m/min. As the cutting speed surpasses

1,400 m/min, the dynamic cutting force will increase. It
seems that the developing trends of the static and dynamic
cutting forces are similar. This can be attributed to the
profound effect of the static cutting force on the occurrence of
cutter vibration. Since the tool wear increases rapidly with the
cutting speed when the cutting speed is above 1,400 m/min as
shown in Fig. 7, it is inferred that besides the effects of the
fixturing elements and the machine tool system, the higher
tool wear also has great contribution to the increasing trend of
the dynamic cutting force when the cutting speed increases
over 1,400 m/min. The evolution of the dynamic cutting force
with the cutting speed indicate that for the cutting parameters
under consideration, relatively stable cutting condition can
still be obtained at a high cutting speed of 1,400 m/min. The
relatively stable cutting condition is beneficial to the surface
finish of the workpiece. It is concluded that the cutting speed
of 1,400 m/min can be considered as a critical value for both
of the static and dynamic cutting forces.

3.2 Surface roughness

Figure 6 shows the surface roughness in different regions
vs. cutting speed v. The surface roughness yi in region Ri is
calculated by means of the following equation:

yi ¼ 1

n

Xn
j¼1

yij

 !
ð4Þ

where n is the number of repeated test, namely three; yij is
the average value of Ra in region Ri at the jth test (i=1, 2,

Table 2 Factors and selected
levels in the face milling
experiments

Factor Cutting parameter Unit Level 1 Level 2 Level 3

A Cutting speed (v1) m/min 350 700 1,050

B Cutting speed (v2) m/min 1,400 1,750 2,100

C Feed rate (fz) mm/tooth 0.02 0.04 0.06

D Depth of cut (ap) mm 0.10 0.20 0.30

Table 3 Experimental layout ME1 using an L9 orthogonal array

Exp. no. A (v1) C (fz) D (ap) E (error)

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2

Table 4 Experimental layout ME2 using an L9 orthogonal array

Exp. no. B (v2) C (fz) D (ap) F (error)

10 1 1 1

11 1 2 2

12 1 3 3

13 2 1 2

14 2 2 3

15 2 3 1

16 3 1 3

17 3 2 1

18 3 3 2
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3, 4, 5; j=1, 2, 3). The average surface roughness y5j of the
total machined surface is determined by Eq. 5:

y5j ¼ y1jS1=S5 þ y2jS2=S5 þ y3jS3=S5 þ y4jS4=S5 ð5Þ
where Sk is the area of the region Rk (k=1, 2, 3, 4, 5).

It can be seen from Fig. 6 that the curves (solid line) of
the surface roughness in regions R1 and R2 with cutting
velocity are similar, while those in region R3 and R4 are
similar. For surface roughness in all the regions, cutting
speed v=800 m/min is the optimum one, and v=1,400 m/
min can be considered as a transition value above which the
surface roughness in the five regions increase rapidly. It
must be pointed that when the cutting speed v is at a rather
high value of 1,400 m/min, as for the total machined
surface R5 good surface quality (0.068 μm) can still be
obtained.

Though the machined surface has been divided into four
regions and each test was replicated three times, for the
surface roughness in each region, there still seems to be some
randomness. In order to reveal the developing trends of
surface roughness in a more clear way, the curves of the
surface roughness with the cutting speed are fitted as shown in
Fig. 6 (dotted line). It can be seen from these fitted curves
that as the cutting velocity increases, the surface roughness
in different regions all exhibit similar developing trend: they

all decrease firstly and then increase. Equations 6, 7, 8, 9,
and 10 are the fitted formulas for the surface roughness in
regions R1, R2, R3, R4, and R5, respectively.

y1 ¼ 1:29 � 10�7v2 � 2:25 � 10�4vþ 1:27 � 10�1 mmð Þ ð6Þ

y2 ¼ 8:68 � 10�8v2 � 1:06 � 10�4vþ 8:51 � 10�2 mmð Þ ð7Þ

y3 ¼ 1:18 � 10�7v2 � 2 � 10�4vþ 1:65 � 10�1 mmð Þ ð8Þ

y4 ¼ 8:13 � 10�8v2 � 1:36 � 10�4vþ 1:21 � 10�1 mmð Þ ð9Þ

y5 ¼ 9:08 � 10�8v2 � 1:18 � 10�4vþ 9:07 � 10�2 mmð Þ ð10Þ

The R squares (the coefficient of multiple determination,
measuring how successful the fit is in explaining the
variation of the data) for the five formulas are 0.92, 0.93,
0.91, 0.89, and 0.95, respectively. According to the fitted
formulas, for different regions, the cutting speeds at which
the optimum surface quality can be obtained are between
600 and 900 m/min. The surface quality is expected to be
optimal when the cutting speed adopted is in this speed
range.

Since both the cutting forces and the surface roughness
are low at an ultra high cutting speed of 1,400 m/min,

Fig. 5 Dynamic cutting force Fdyn vs. cutting speed v (fz=0.04 mm/
tooth, ap=0.2 mm)

Fig. 4 Static cutting force Fsta vs. cutting speed v (fz=0.04 mm/tooth,
ap=0.2 mm)

Fig. 3 Photos of the experimental setup

Fig. 2 Division of the machined surface
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relatively low mechanical load, good surface quality, and
high machining efficiency are expected to arise at the same
time for the cutting parameters under consideration.
Though the machining efficiency is a little lower, cutting
speeds below 1,400 m/min can still be used to obtain good
surface finish, but the cutting speeds above 1,400 m/min
should be avoided.

Figure 7 shows the evolution of the average flank wear
VB after one pass of the workpiece surface with the cutting
speed. It can be seen that when the cutting speed is below
1,400 m/min, the tool wear rate is relatively small. As the
cutting speed surpasses 1,400 m/min, the tool wear rate
increases rapidly with the cutting speed. Taking the
developing trend of the surface roughness with cutting
speed into consideration, it is inferred that when the cutting
speed is below 1,400 m/min, the effect of tool wear on

surface roughness is small. But as the cutting speed
surpasses 1,400 m/min, the higher tool wear rate contrib-
utes greatly to the increase of the surface roughness with
the cutting speed.

(a) Ra in R1 vs. cutting speed            (b) Ra in R2 vs. cutting speed 

(c) Ra in R3 vs. cutting speed            (d) Ra in R4 vs. cutting speed 

(e) Ra in R5 vs. cutting speed 

Fig. 6 Surface roughness Ra in
different regions vs. cutting
speed v (fz=0.04 mm/tooth, ap=
0.2 mm). a Ra in R1 vs. cutting
speed. b Ra in R2 vs.
cutting speed. c Ra in R3

vs. cutting speed. d Ra in R4 vs.
cutting speed. e Ra in R5 vs.
cutting speed

Fig. 7 Flank wear of the cutting tool after one pass of the workpiece
surface vs. cutting speed v (fz=0.04 mm/tooth, ap=0.2 mm)
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As 1,400 m/min is a transition cutting speed for surface
roughness, two experimental layouts ME1 and ME2 are
designed to investigate the effects of cutting parameters on
surface roughness within two different cutting speed
ranges, namely <1,400 and ≥1,400 m/min, as shown in
Tables 3 and 4. The results of surface roughness show that
for all the regions surface roughness Ra remains below
0.3 μm can be obtained using the cutting parameter
combinations listed in the experimental layout ME1.
Surface roughness below 0.3 μm is an acceptable value
for the comparison with other finishing process like
grinding [15], while the surface roughness Ra obtained
under some cutting parameter combinations with relatively
higher cutting speeds in ME2 is much larger than 0.3 μm.

The signal to noise (S/N) ratio used in the Taguchi
method reflects both the average and the variation of the

quality characteristics. Therefore, in the present study,
instead of the average value, the S/N ratio is used so as to
convert the trial result data into a value for the evaluation
characteristics in the optimum setting analysis. The S/N
ratio ηi for region Ri can be expressed in decibel units, and
it is defined by a logarithmic function based on the mean
square deviation around the target:

hi ¼ �10log
1

n

Xn
j¼1

yij
2

 !" #
ð11Þ

where all the symbols have the same meaning as they did in
Eq. 4. It can be seen from Eq. 11 that the larger is the S/N
ratio, the smaller is the variance of surface roughness Ra
around the desired value.

(a) The mean S/N graph for Ra in R1      (b) The mean S/N graph for Ra in R2

(c) The mean S/N graph for Ra in R3     (d) The mean S/N graph for Ra in R4

(e) The mean S/N graph for Ra in R5 

Fig. 8 The mean S/N graph for
surface roughness in different
regions (ME1). a The mean S/N
graph for Ra in R1. b The mean
S/N graph for Ra in R2. c The
mean S/N graph for Ra in R3. d
The mean S/N graph for Ra in
R4. e The mean S/N graph for
Ra in R5

Int J Adv Manuf Technol (2012) 61:1–13 7



(a) The mean S/N graph for Ra in R1      (b) The mean S/N graph for Ra in R2

(c) The mean S/N graph for Ra in R3     (d) The mean S/N graph for Ra in R4

(e) The mean S/N graph for Ra in R5 

Fig. 9 The mean S/N graph for
surface roughness in different
regions (ME2). a The mean S/N
graph for Ra in R1. b The mean
S/N graph for Ra in R2. c The
mean S/N graph for Ra in R3. d
The mean S/N graph for Ra in
R4. e The mean S/N graph for
Ra in R5

Table 5 The cutting parameters and corresponding S/N ratios for Ra
in R5 (ME1)

Exp. no. v1 (m/min) fz (mm/tooth) ap (mm) S/N ratio

1 350 0.02 0.1 26.97

2 350 0.04 0.2 23.80

3 350 0.06 0.3 22.97

4 700 0.02 0.2 22.04

5 700 0.04 0.3 23.85

6 700 0.06 0.1 29.03

7 1,050 0.02 0.3 18.52

8 1,050 0.04 0.1 25.24

9 1,050 0.06 0.2 21.61

Table 6 The cutting parameters and corresponding S/N ratios for Ra
in R5 (ME2)

Exp. no. v2 (m/min) fz (mm/tooth) ap (mm) S/N ratio

10 1,400 0.02 0.1 12.88

11 1,400 0.04 0.2 23.85

12 1,400 0.06 0.3 21.18

13 1,750 0.02 0.2 12.00

14 1,750 0.04 0.3 17.39

15 1,750 0.06 0.1 9.78

16 2,100 0.02 0.3 7.85

17 2,100 0.04 0.1 8.12

18 2,100 0.06 0.2 7.98
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Figures 8 and 9 show the mean S/N response graphs for
surface roughness Ra in different regions. It can be seen
that, generally all the mean S/N ratios in Fig. 8 are much
higher than those in Fig. 9, indicating that if the cutting
speed surpasses 1,400 m/min, the surface quality will
deteriorate badly. From Fig. 8 which shows the mean S/N
graph for ME1, it can be seen that the feed rate fz has little
effect on the surface roughness in the five regions. As for
region R1, the effect of cutting speed v on surface
roughness is little. However, for all the other four regions,
as the cutting speed increases, the surface roughness
decrease firstly and then increase. In region R1, as the
depth of cut ap increases, the surface roughness increase
firstly and then decrease, while in the other regions the
surface roughness increase with the depth of cut. It can be
seen from the mean S/N graph for ME2 in Fig. 9 that the
surface roughness in the five regions all increases with the
cutting speed v. As the feed rate fz increases, the surface
roughness in all the regions decreases firstly and then
increases. The surface roughness in all the five regions
except for region R3 decrease with the depth of cut ap. In
region R3, as the depth of cut increases, the surface
roughness decreases firstly and then increases. It can be
concluded that within different speed ranges, the effects of
the cutting parameters on surface roughness in the five
regions change greatly.

For the experimental layout ME1, the optimum combina-
tions of the cutting parameter levels are A1C2D1, A2C3D1,
A2C1D1, A2C1D1, and A2C3D1 for surface roughness in
regions R1, R2, R3, R4, and R5, respectively. As for the
experimental layout ME2, the optimum combinations of the
cutting parameter levels are B1C2D2, B1C2D3, B1C2D2,
B1C2D2, and B1C2D3. The optimum combinations of the

cutting parameter levels for surface roughness in regions R3

and R4 are the same. And it seems that low feed rate and low
depth of cut is beneficial especially for surface roughness in
these two regions. It can be concluded that because of the
varying characteristics of the mechanical and thermal loads,
for different regions, there definitely exist differences in the
formation of surface profiles.

Tables 5 and 6 show the cutting parameters and
corresponding S/N ratios for the total machined surface R5

obtained by means of Eqs. 4 and 5. Based on the results
listed in Tables 5 and 6, the results of analysis of variance
(ANOVA) for surface roughness in the total machined
surface can be obtained as shown in Tables 7 and 8. For the
experimental layout ME1, the contribution order of the
cutting parameters for surface roughness Ra is axial depth
of cut, cutting speed, and feed rate, and the contribution of
feed rate is very small. As for ME2, the order is cutting
speed, feed rate and axial depth of cut, and the contribu-
tions of feed rate and axial depth of cut are approximately
the same. It can be concluded that as the cutting speed
surpasses 1,400 m/min, the degree of influences of cutting
speed and feed rate on surface roughness Ra increases
substantially especially for cutting speed, while that of axial
depth of cut decreases substantially.

The surface roughness Ra in the total machined surface
R5 is focused on in the regression analysis. The form of the
Taylor’s tool life equation in metal cutting is used, and a
functional relationship between the average value of surface
roughness in region R5 and the cutting parameters could be
postulated by:

Ra ¼ avbf cz a
d
p mmð Þ ð12Þ

Table 7 Results of the ANOVA
for Ra in the total machined
surface R5 (ME1)

Source df Sum of squares Variance F value Contribution (%)

A 2 18.08 9.04 22.60 22.76

C 2 7.34 3.67 9.18 8.62

D 2 49.77 24.89 62.23 64.46

Error 2 0.79 0.40 4.16

Total 8 75.98 100

Table 8 Results of the ANOVA
for Ra in the total machined
surface R5 (ME2)

Source df Sum of squares Variance F value Contribution (%)

B 2 192.90 96.45 87.68 65.98

C 2 47.08 23.54 21.40 15.53

D 2 46.85 23.43 21.30 15.45

Error 2 2.20 1.10 3.04

Total 8 289.03 100
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By means of a logarithmic transformation, the nonlinear
form of Eq. 12 can be converted into the following linear
form:

lnRa ¼ lnaþ b ln vþ c ln fz þ d ln ap ð13Þ
where a, b, c, and d are the corresponding parameters. After
regression analysis, the regression equations for the surface
roughness are obtained as follows:

Ra ME1ð Þ ¼ 0:0176� v0:2582 � f �0:1896
z

� a0:5757p mmð Þ ð14Þ

Ra ME2ð Þ ¼ 3:9432� 10�13 � v3:3612 � f �0:3223
z

� a�0:5207
p mmð Þ ð15Þ

where Ra(ME1) and Ra(ME2) represent the surface rough-
ness in experimental layouts ME1 and ME2, respectively.

Figure 10 compares the fitted values of surface rough-
ness and the observed values for ME1 and ME2. Figure 11
shows the relative percentage error between the fitted and
the observed values. The average value of the relative error
for Ra(ME1) and Ra(ME2) are 4.6921% and 4.8906%,
respectively. It can be concluded that Eqs. 14 and 15 can
describe the behavior of the data well. 3.3 Chip formation

Figure 12 shows the chip formation under different cutting
speeds with axial depth of cut ap and feed rate fz fixed as
0.2 mm and 0.04 mm/tooth, respectively. As the cutting speed
increases, both the shape and the color of the chip change
gradually. When the cutting speed increases, the shape of the
chip changes in the following order: washer-shaped chip
(v=200 m/min), wave-shaped chip (v=400 m/min), arc-
shaped chip (v=600 m/min), long strip of chip (v=800–
1,400 m/min), short strip of chip (v=1,600–2,200 m/min), and
powder-shaped chip (v=2,400 m/min). It is found that the
color of the chip is blue when the cutting velocity is relatively
low (v=200–600 m/min). At higher cutting speed (v=800–
1,200 m/min), the color turns into purple. When the cutting
speed is no less than 1,400 m/min, the chip color is yellow.

At the cutting speed of 800 m/min, the chip color turns
from blue into purple and the shape of the chip changes
from arc-shaped chip to long strip of chip. As has been
discussed, at this cutting speed, optimum surface quality
can be obtained as shown in Fig. 6. When the cutting speed
surpasses 1,400 m/min, short strip of chip is about to form
and the chip color changes into yellow. This cutting speed
can be seen as a transition cutting speed for surface
roughness as has been mentioned. It seems that the
correspondence between the chip formation and the surface
roughness is obvious, indicating that the evolution of the

(a) Deviation of the fitted surface 
roughness Ra (ME1).

(b) Deviation of the fitted surface 
roughness Ra (ME2).

Fig. 11 Deviation of the fitted surface roughness from the observed
values. a Deviation of the fitted surface roughness Ra (ME1). b
Deviation of the fitted surface roughness Ra (ME2)

(a) The fitted and observed surface
 roughness in ME1. 

(b) The fitted and observed surface
 roughness in ME2. 

Fig. 10 The fitted values of surface roughness vs. the observed
values. a The fitted and observed surface roughness in ME1. b The
fitted and observed surface roughness in ME2
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surface quality can be estimated by means of observing the
variation of the chip shape and color.

It is also found that the serrated chip begins to arise when
the cutting speed is about 400 m/min as shown in Fig. 13b. As
the cutting speed increases, the serrated chip becomes more
and more obvious. As shown in Fig. 13e at the cutting speed
of 2,400 m/min, the serrated chip is about to be separated.

4 Conclusions

The effects of cutting speed on cutting forces, surface
roughness, and chip formation in high and ultra high-speed
face milling of AISI H13 steel were focused on in the
present study. Taking the critical cutting speed 1,400 m/min
into consideration, the effects of cutting parameters on
surface roughness within two cutting speed ranges (<1,400
and ≥1,400 m/min) were investigated experimentally by
means of Taguchi method. In order to reduce the undesir-

able variations of surface roughness, back cutting was
avoided, and the milled surface was divided and investi-
gated separately and integratedly. The following conclu-
sions can be obtained:

& When the cutting speed increases from 200 to 2,400 m/
min with feed rate fz and axial depth of cut ap fixed,
both the static and dynamic cutting forces reach a valley
value at a cutting speed of 1,400 m/min. It can be
concluded that relatively stable cutting condition which
is beneficial to the surface finish of the workpiece can
still be obtained at a high cutting speed of 1,400 m/min.

& As the cutting speed increases from 200 to 2,400 m/min
with feed rate fz and axial depth of cut ap fixed as
0.04 mm/tooth and 0.2 mm, the surface roughness in
different regions all decreases firstly and then increases.
The cutting speed of 1,400 m/min is considered as a
critical value above which the surface roughness will
deteriorate badly. When the cutting speed is between 600

(a) v = 200 m/min       (b) v = 400 m/min        (c) v = 600 m/min 

(d) v = 800 m/min        (e) v = 1000 m/min       (f) v = 1200 m/min

    (g) v = 1400 m/min      (h) v = 1600 m/min        (i) v = 1800 m/min 

(j) v = 2000 m/min      (k) v = 2200 m/min         (l) v = 2400 m/min 

Fig. 12 Chip formation under
different cutting speeds
(fz=0.04 mm/tooth, ap=0.2 mm).
a v=200 m/min. b v=400 m/min.
c v=600 m/min. d v=800 m/min.
e v=1,000 m/min. f v=1,200
m/min. g v=1,400 m/min. h v=
1,600 m/min. i v=1,800 m/min. j
v=2,000 m/min. k v=2,200 m/
min. l v=2,400 m/min
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and 900 m/min, low surface roughness is expected to be
obtained. When the cutting speed surpasses 1,400 m/min,
the higher tool wear rate has great effect on the increase
of the surface roughness with the cutting speed. One
thousand four hundred meters per minute is considered
to be a critical cutting speed for both the cutting forces
and surface roughness. At the cutting speed of 1,400 m/
min good surface quality, relatively low mechanical load
and high machining efficiency are expected to arise at the
same time for the cutting parameters under consideration.

& Due to the variations of the characteristics of the
mechanical and thermal loads, the surface roughness
Ra in different regions of the machined surface respond
in varying ways to the changes of cutting parameters.
For the experimental layouts ME1 and ME2, the
optimum combinations of the cutting parameter levels
for surface roughness in the whole machined surface R5

are A2C3D1 (v=700 m/min, fz=0.06 mm/tooth, ap=
0.1 mm) and B1C2D3 (v=1,400 m/min, fz=0.04 mm/
tooth, ap=0.3 mm). The results of ANOVA for surface

roughness of the total machined surface show that for
the experimental layout ME1, the contribution order of
the cutting parameters is axial depth of cut, cutting
speed, and feed rate, and the contribution of feed rate is
very little; while for ME2, the order is cutting speed,
feed rate, and axial depth of cut, and the contributions
of feed rate and axial depth of cut are roughly the same.
When the cutting speed surpasses 1,400 m/min, the
cutting speed and feed rate become much more
influential to the surface roughness especially for
cutting speed, while the effect of axial depth of cut
declines greatly. It is found that when the cutting speed
is below 1,400 m/min, low surface roughness Ra below
0.3 μm can be obtained. By means of regression
analysis, two equations for the surface roughness of
the total machined surface R5 in experimental layouts
ME1 and ME2 are fitted. It is found that those equations
can describe the behavior of the data well.

& As the cutting speed changes from 200 to 2,400 m/min
with invariable feed rate fz 0.04 mm/tooth and axial

(a) v = 200 m/min                    (b) v = 400 m/min 

(c) v = 800 m/min                    (d) v = 1400 m/min 

(e) v = 2400 m/min 

Fig. 13 Magnified chip forma-
tion under different cutting
speeds (fz=0.04 mm/tooth,
ap=0.2 mm) a v=200 m/min.
b v=400 m/min. c v=800
m/min. d v=1,400 m/min.
e v=2,400 m/min
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depth of cut ap 0.2 mm, both the shape and color of the
chip change gradually. There exists obvious correspon-
dence between the shape, color of the chip, and the
surface roughness obtained at different cutting speeds.
When the cutting speed surpasses 1,400 m/min which is
considered as a transition speed below which good
surface finish can still be obtained, short strip of chip is
about to form and the color of the chip turns into
yellow. It seems that the evolution of the surface quality
with cutting speed can be estimated by means of
observing the variation of the chip formation.
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