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Abstract

Manufacturing processes, such as machining, transform raw materials into finished goods, and these processes consume signif-
icant energy. There is an increasing concern about the energy required for such processes and the environmental consequences
attributable to the generation of the energy. Reducing the energy required to perform machining operations will not only reduce
the environmental footprint, but also provide economic benefits. To that end, the effects of cutting conditions (e.g., feed and
speed) and tool geometry (diameter and number of teeth) on the power required for an end milling operation are investigated
experimentally. Experimental results are presented from a cutting mechanism perspective with the goal of understanding the role
of the process variables. The specific cutting energy (SCE) is found decreasing when material removal rate increases, but there is
substantial variation about the general trend. In essence, the cutting parameters and the tool geometry influenced the changes of
average chip thickness and cutting speed, which cause the shear deformation energy changes and eventually collectively
influence the SCE’s change. Based on the experiments, suggestions on selecting process parameters are provided to improve
milling energy efficiency.

Keywords Specific cutting energy - Average chip thickness - Energy efficiency of milling - Green manufacturing

1 Introduction

Global climate change and the depletion of fossil-fuel energy
carriers are environmental impacts linked to the industrial
consumption of energy. The IEA has declared that energy
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production is the largest man-made source of air pollutants,
and much of'the energy demand is associated with the industry
sector [1]. Efforts such as increasing energy efficiency, in-
creasing utilization of low-carbon technologies, and more
stringent emission control regulations have led to the reduc-
tion of carbon dioxide (CO,) and other airborne emissions in
many industrial countries, and this trend is expected to con-
tinue [1].

Machine tools are widely used in manufacturing, and since
they consume large amounts of electricity, they are responsi-
ble for large amounts of carbon dioxide emissions [2]. The
European Union’s Eco-design Directive 2009/125/E has taken
machine tools as regulatory priority category, and the
International Organization for Standardization drafted ISO
14955-1, which focuses on the energy consumption and envi-
ronmental impact of machine tools. Reducing the energy con-
sumption during the machining process is one approach to
reduce the environmental impact of manufacturing [3], and
research on this topic has gained wide attention.

Understanding how machining process parameters affect
energy consumption is a key first step to improve the energy
efficiency of machine tools and reduce energy waste. In recent
decades, much research has been performed in this area. One
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of the most commonly adopted approaches is focused on spe-
cific cutting energy (SCE). SCE (also referred to as the cutting
pressure) refers to the amount of energy needed by a cutting
tool to remove a unit volume of a material. Alternatively,
specific cutting energy can be expressed as the ratio of the
cutting power to the material removal rate (MRR). SCE values
may be thought of as describing the energy efficiency of the
metal cutting process and also communicate the machinability
of the material [4].

Previous work shows that SCE is a function of cutting
parameters, tool geometry, tool finish, workpiece material
properties, and cutting temperature [5]. From the view of chip
formation mechanics, the SCE consists of the following
components:

1) Shear deformation energy (primary shear zone and sec-
ondary shear zone deformation energy)

2) The friction energy between the chip and tool

3) Chip curl/bending energy

4) Chip kinetic energy

5) Energy to produce a new surface

As an approximation, the SCE can largely be expressed as
a function of the first two components: the shear deformation
energy and the friction energy [6]. Merchant [7], Shaw [8§],
Oxley [9], and other scholars have made outstanding contri-
butions to the metal-cutting mechanics and cutting energy
theory. Over the past 30 years, SCE models have been refined
by many subsequent studies, which have dealt with topics
such as temperature in the shear deformation zones [10] and

been pursued [12]. However, replicating actual processing
conditions with a Hopkinson bar is extremely difficult, so this
approach has not been widely pursued.

Milling is an important machining process and is widely
used in creating automotive parts, aircraft components, etc. As
opposed to chip formation in the turning process, the chip
thickness in milling changes instantaneously as the angular
position of the cutter changes during the process. Early studies
focused on the influence of process variables on energy con-
sumption in the orthogonal cutting or turning processes; in
those days, limited research was performed on milling pro-
cesses owing to their complexity.

Building on the 1970s and early 80s research by DeVor and
Tlusty, and their respective teams, computer models were de-
veloped to predict several performance measures in end mill-
ing. The peripheral milling process can be analyzed by
discretizing it angle by angle, flute by flute, and finally, after
dividing the end mill into axial segments, slice by slice [13].
Figure 1 illustrates the geometry relationship in a peripheral
milling process.

One of the most fundamental geometric measures in a cut-
ting process is the chip thickness. In milling, chip thickness
can be calculated based on the tool geometry and process
kinematics (workpiece geometry plus tool motion path), and
then using a simple empirical model, the SCE may be com-
puted. The cutting force system may then be determined based
on the chip load and the SCE. The instantaneous chip thick-
ness and average chip thickness calculation may be expressed
as [15]:

contact surface temperatures between the tool and the chip te(i ), k) = fsind(i, . k) (1)
[11]. Material mechanics approaches (e.g., material testing 5 L J'(ﬁ“'f sinddd — S oae 2)
using a split Hopkinson bar) to describe the combined effects <, 0/z ~ Recos I (1-%/g)
of'strain hardening, strain rate, and temperature on flow stress, o dz] tanj
such as characterized by the Johnson-Cook model, have also (i, j, k) = —0(j) + (i-1) N + [(k 1)dz + 7} R (3)
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Fig. 1 Peripheral milling geometry relationship schematic diagram [adapted from [13, 14]]
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where f; is the feed per tooth, 7.7, j, k) is the instantaneous chip
thickness, 0(i, , k) is the angular position of the ith axial disk
element at the jth angular position of the cutter and the kth
flute. 7. is the average chip thickness, ¢, is the milling engage-
ment angle, a, is the radial cut depth, R is the tool radius, Nt is
the number of tool teeth, 3 is the helix angle, and dz is the axial
height of the disk element. Equations (1)—(3) are applicable to
down milling, and similar expressions can be established for
up milling [14]. As can be seen from Egs. (1)—(3), the chip
thickness changes during milling and is a function of tool
angular position, 0(, , k).

Sabberwal [16] showed that SCE is a function of average
chip thickness in milling. Since chip thickness is largely de-
termined by the cutter geometry and cutting parameters, aver-
age chip thickness as an intermediate variable captures the
effects of cutting conditions on the energy consumption of
the milling process. Kline et al. [17] improved the calculation
method for chip thickness, considering a cutter runout situa-
tion in a follow-up study, and pointed out that while SCE was
related to chip thickness, it would be affected by cutter runout.
Koenigsberger et al. [18] demonstrated that instantaneous
milling force is the product of SCE and chip cross-section
area. Their study discussed how the force distribution was
affected by the number of tooth engaged during face milling
and slab milling. Bayoumi [4] developed instantaneous and
mean SCE models through the derivation of milling force,
friction force, and friction torque. Additionally, the influence

Table 1  Variable (factors) and their levels for Taguchi Orthogonal
Array experiment

Factor Level

A B C D E
7 (r/min) 800 1200 1600 2000 2400
V(mm/min) 240 290 340 380 420
a, (mm) 0.5 1 1.5 2 2.5
a, (mm) 2 3 4 5 6

n, spindle rotation speed; Vj the table feed rate; a,, axial cut depth; a,
radial cut depth

of feed rate on the SCE was discussed under different tool
wear and cutting material situations by Bayoumi.

The so-called “size effect” is often suggested as the reason
for the presences of the chip thickness in empirical relations
for the SCE. Some researchers have considered the size effect
and the increased importance of the plowing phenomenon
when chip thickness decreases. Fang et al. [19] examined
how the size effect changes the SCE. Endres et al. [20] pointed
out that the plowing phenomenon would impact SCE and
cutting force due to larger friction between the tool flank face
and the workpiece surface as the chip thickness tends to zero.
Wu et al. [21] asserted that the cutting edge radius and uncut
chip thickness have effects on the plowing force which leads
changes of SCE.

Studies show that choosing suitable process variables con-
tributes to reduced energy and improved milling performance.
Balogun et al. [22] discussed how the ratio of average chip
thickness to cutter edge radius (%,,/r,) affects the relative im-
portance of plowing, and thus energy efficiency and energy
waste (since plowing is not as energy efficient as shearing).
Shen et al. [23] discovered that same average chip thickness
makes the side milling performance similar although radial
cutting depth and feed per tooth change. His study also con-
cluded that choosing an appropriate average chip thickness
could provide a good machining process performance. Ma
et al. [24] researched the effects of tool geometry and cutting
parameters on cutting energy in a turning process and provid-
ed strategies for minimizing cutting energy.

In summary, many scholars have investigated the effects of
process variables on SCE and developed different models to
predict SCE and energy consumption. Often, empirical
models have been established in the literature; for many of
these contributions, mechanistic interpretations are provided
to provide insight into the physics that underlie the process. In
general, the predictive accuracy of SCE models still needs
improvement. Obviously, the SCE model form and the values
for the coefficients depend on the cutting conditions examined
in experiments that were performed and the assumptions con-
sidered. Due to the complexity of the milling process, research
focusing on the effects of process variables on SCE during end
milling is still lacking, which limits the implementation of
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Table 2  Results for L(25) Taguchi Orthogonal Array experiment

No. n (r/min) Vy(mm/min) a, (mm) a, (mm) MRR (mm?>/s) V.(m/s)  f, (mm/z) 7. (mm) P...kW) SCE (J/mm®)
1 800 240 0.5 2 4.00 0.502 0.075 0.0297 0.020 5.00
2 800 290 1 3 14.50 0.502 0.091 0.0433 0.060 4.14
3 800 340 1.5 4 34.00 0.502 0.106 0.0575 0.100 2.94
4 800 380 2 5 63.33 0.502 0.119 0.0705 0.200 3.16
5 800 420 2.5 6 105.00 0.502 0.131 0.0836 0.300 2.86
6 1200 240 1 4 16.00 0.754 0.050 0.0271 0.069 431
7 1200 290 1.5 5 36.25 0.754 0.060 0.0359 0.134 3.70
8 1200 340 2 6 68.00 0.754 0.071 0.0451 0.244 3.59
9 1200 380 2.5 2 31.67 0.754 0.079 0.0314 0.119 3.76
10 1200 420 0.5 3 10.50 0.754 0.088 0.0418 0.047 4.48
11 1600 240 1.5 6 36.00 1.005 0.038 0.0239 0.140 3.89
12 1600 290 2 2 19.33 1.005 0.045 0.0180 0.086 4.45
13 1600 340 2.5 3 42.50 1.005 0.053 0.0254 0.155 3.65
14 1600 380 0.5 4 12.67 1.005 0.059 0.0322 0.060 4.74
15 1600 420 1 5 35.00 1.005 0.066 0.0390 0.150 4.29
16 2000 240 2 3 24.00 1.256 0.030 0.0143 0.143 5.96
17 2000 290 2.5 4 48.33 1.256 0.036 0.0196 0.253 523
18 2000 340 0.5 5 14.17 1.256 0.043 0.0252 0.068 4.80
19 2000 380 1 6 38.00 1.256 0.048 0.0302 0.178 4.68
20 2000 420 1.5 2 21.00 1.256 0.053 0.0208 0.113 5.38
21 2400 240 2.5 5 50.00 1.507 0.025 0.0148 0.290 5.80
22 2400 290 0.5 6 14.50 1.507 0.030 0.0192 0.115 7.93
23 2400 340 1 2 11.33 1.507 0.035 0.0140 0.085 7.50
24 2400 380 1.5 3 28.50 1.507 0.040 0.0189 0.185 6.49
25 2400 420 2 4 56.00 1.507 0.044 0.0237 0.300 5.36

1., average chip thickness calculated using formula (2); £;, feed rate per tooth; V.., cutting speed; the SCE is P,,,, divided by MRR, tool diameter is 12 mm,

and the number of teeth is 4

energy efficiency machining. This work aims to explore how
the energy consumption during end milling process is influ-
enced by cutting condition variables and tool geometry.
Experimental results are discussed from a cutting mechanism
perspective. After that, suggestions are provided to help ma-
chining process planners select cutting conditions that provide
improved milling energy efficiency.

Table 3 Experimental design to study tool geometry

Tool name Nt D (mm) Helix angle (°) Material Coating
GM-2E-D120 2 12 45° Carbide  TiAIN
GM-4E-D12.0 4 12 45° Carbide  TiAIN
GM-6E-D120 6 12 45° Carbide  TiAIN
GM-4E-D8.0 4 8 45° Carbide  TiAIN
GM-4E-D12.0 4 12 45° Carbide  TiAIN
GM-4E-D16.0 4 16 45° Carbide TiAIN

Nt, number of cutting edges; D, tool diameter; TiAIN, titanium aluminum
nitride with 2800 Vickers Hardness and 800 °C oxidation temperature

@ Springer

2 Experiment background and method

A XKA714B/B vertical milling machine was used for all the
tests described in this paper. End milling was performed on an
AISI 1045 steel workpiece (dimensions: 150 mm x 60 mm x
50 mm). End (or peripheral) milling cutters (provided by
Zhuzhou Cemented Carbide Cutting Tools Co. LTD) were
used. A Yokogawa CW240 clamp type power meter was used
to record power, current, voltage, and other energy-related
information during the milling process, and the sampling fre-
quency was set at 100 Hz. The energy consumption analysis
software CW Viewer AP240E was used to process and ana-
lyze the collected data.

The cutting power during the milling process can be calcu-
lated as the difference between the average recorded power
during cutting and the average recorded power while “cutting
air” as seen in Fig. 2. Each test was repeated three times, and
the average cutting power was obtained from these replicates.
The milling cutter was inspected frequently and replaced if
necessary so that all tests could be performed with a sharp
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Table 4 Cutting parameter . - ] S
combination in cutter experiment Combination a, (mm) a, (mm) V (mm/min) n (r/min) MRR (mm’/s)

2 1 130 1300 433

4 1 130 1300 8.67

6 1 130 1300 13.00

MRR, material removal rate

tool. Coolant was not used for any of the milling process tests.
All tests were performed using down milling. Values for the
cutting conditions were selected from the recommend param-
eter ranges provided by the cutting tool manufacturer. More
details about the equipment and workpiece material can be
found in the Appendix Table 7 and Fig. 13.

The experimental work reported in the paper consisted of
two sets of tests:

1) The first set of tests was run using a four fluted end mill
with a diameter of 12 mm (Tool GM-4E-D12.0). The
cutting parameters (spindle rotation speed, the table feed
rate, axial cut depth, and radial cut depth) were varied in
this experiment using the levels shown in Table 1 accord-
ing to an L(25) Taguchi Orthogonal Array. This experi-
mental design consists of 25 combinations of the process
variables, from which a suitable empirical relation for
SCE may be obtained. The specific test conditions for this
experiment and the associated test results are shown in
Table 2.

2) The second set of tests (see Table 3) was run by varying
the tool geometry. As is evident from the table, changes
in the cutter diameter and the number of tecth are con-
sidered. It should also be noted that each condition in

Table 3 was conducted for the three combinations of
cutting parameters shown in Table 4. The purpose of
this second set of tests was to characterize the effect of
tool geometry on milling energy consumption.

3 Discussion and interpretation
of experimental results

3.1 Effect of cutting parameters on milling energy
consumption

As was noted previously, two sets of tests are reported in this
paper, and the first set of test results is provided in Table 2. In
addition to the measured cutting power, the table also lists
several additional the calculated values: cutting speed, feed
per tooth, average chip thickness, and SCE, the specific cut-
ting energy. Using the results in Table 2, experimental factor
range analysis can be obtained and main effect plots for P,
and SCE are respectively shown in Figs. 3 and 4.

Figure 3 shows that with the increase of a,, V and a.,
P, gradually increases, which may due to an increasing
MRR. Additionally, with an increase in n, P, decreases
first and then increases. When the n increases, the feed

Fig. 3 Factor effect trend for
cutting power

main effects plot of mean
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Fig.4 Factor effect trend for SCE
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per tooth and the average chip thickness become smaller;
in addition, the cutting speed becomes larger; thus, mul-
tifactorial effects may cause a nonlinear change of P,,,.
From Fig. 4, with increases of n, the SCE gradually in-
crease. In addition, with increases of V; SCE decreases
that may be due to a larger average chip thickness. With
increases of a,, SCE decreases first and then increases
that may be because 7. is a non-monotonic function of
a.. With increases of a,, SCE decreases that may be due
to increasing chip cross-section. Later, further analysis
will be made to explain how these parameters affect
SCE in mechanism.

Figure 5 displays the SCE as a function of the MRR.
Some past researchers have linked SCE to changes in
MRR, and based on the appearance of the graph, there
is logic to support this notion: as the MRR increases,
the SCE decreases. It is to be noted, however, that while
there is a general trend in terms of SCE behavior as a

10 -
9
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7_
6 * *
°] ¢ RN

4 24 P
34 ° *
2

Specific cutting energy (J/mm®)

0 T T T T T T 1
0 20 40 60 80 100 120

Material removal rate (mma/s)
Fig. 5 Effect of MRR on the SCE
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function of MRR, there is substantial variation about the
general trend.

Rather than describing SCE as a function of MRR,
many past researchers have related SCE to the average
chip thickness. Using the results of Table 2, Fig. 6 dis-
plays the SCE as a function of average chip thickness. A
power function model was fit to this data (again shown in
Fig. 4): SCE = 0.822@))_0'485. As the value for 7. grows,
the SCE decreases. There appears to be less scatter in this
data than in the (7., MRR) data. The behavior depicted in
the figure is consistent with what has been reported else-
where in the literature [18]. The fitted model shown in the
figure has a multiple R value of 0.83 (the model describes
83% of the variation in the data). An ANOVA revealed
that the model is significant, and an examination of the
model residuals revealed no evidence of model
inadequacies.

Before proceeding to additional interpretation and dis-
cussion of the experimental data, some comments

10
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s g .
E "]
S 77
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5 ]
[ 5'_
2 41
3 34
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£
5 24
() 4
o 14
wn
0

T T T T T T T T T 1
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Fig. 6 Specific cutting energy as a function of average chip thickness
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regarding uncertainties in the experimental environment
are warranted. Certainly, some errors exist in the experi-
mental measurements and in the estimation of the model
coefficients. There are errors in the power measurement
due to system noise. For example, the power meter’s ac-
curacy is +0.6%, and the measuring range accuracy is =
0.4%. Second, the power test on the machine tool main
wire contains some mechanical and electrical additional
load loss power during operation, which might affect a
little the cutting power calculated. In theory, the addition-
al load loss power is very small [25]. In this study, the
cutting power obtained is the sum of additional load loss
power and net cutting power.

Figure 7 serves to depict the effect which cutting speed can
have on the SCE in end milling. With increases of V., many
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Fig. 8 SCE as a function of cutting speed and average chip thickness

point values of SCE increase. Additionally, point values at
each cutting speed are different because of the other experi-
mental factor change.

As shown in Fig. 8, it can be considered that SCE is a
function of average chip thickness and cutting speed,
SCE = f(t.,V.). As described previously, the shear defor-
mation energy is the main energy that makes the work-
piece material produce plastic deformation. When the cut-
ting speed and the average chip thickness change, corre-
spondingly, shear strain, shear strain rate, and temperature
in shear deformation zone change and eventually make
the cutting energy change.

The shear flow stress 7 in the primary shear zone is a
function of shear strain ~, shear strain rate v, and work-
piece temperature 7,,, deduced by the Johnson-Cook ma-
terial constitutive model. The SCE is an integral function
of shear flow stress. As shown in the following Egs.
(4)-(6), where A (MPa) is the initial yield strength, B
(MPa) is strain hardening modulus, 7, is the strain hard-
ening index, C is the strain rate coefficient, m is the ther-
mal softening index, ¢ is the normal strain, ¢ (sfl) is the
normal strain rate, ¢ = 1.0s™! is the reference strain rate,
T, (K) is the temperature of the room, and 7, (K) is the
melting temperature of the workpiece. More related theo-
ry can be found in the literature [26].

o=[A+B(e)"] {1 + Cln (i)] {1—(%)? (4)

_ I S
oc=V3r e= 7 €= 7 (5)
SCE = IgT(’y, 7, T)d’y (6)

With the decrease of the average cutting thickness, the
shear strain increases (shear strain is a function of the
effective rake angle and shear angle; when 7. is very
small, a negative rake angle may occur), the shear strain
rate increases (shear strain rate is ratio of shear velocity to
shear zone length; when 7. decreases, the shear zone
length decreases), and the shear zone temperature in-
creases (when 7. decreases, more energy is used for shear-
ing and extrusion).

As can be seen in Fig. 8, many point values of the SCE
show a tendency to increase when the average cutting
thickness decreases because strain and strain rate are more
significant for the shear flow stress according to Egs.
(4)—(6).

With the increase of cutting speed, the shear strain rate
increases, which may cause the shear flow stress to in-
crease. Moreover, increasing cutting speed makes the
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Table 5 Experimental results of different milling tool diameters
D (mm) N, Combination V. (m/s) /. (mm/tooth) &, (°) f. (mm) P... (kW) SCE (J/mm®)
4 1 0.544 0.025 60.0 0.0247 0.023 5.34
4 2 0.544 0.025 90.0 0.0346 0.037 422
4 3 0.544 0.025 120.0 0.0419 0.049 3.75
12 4 1 0.816 0.025 48.2 0.0203 0.020 4.70
12 4 2 0.816 0.025 70.5 0.0285 0.033 3.84
12 4 3 0.816 0.025 90.0 0.0346 0.042 3.24
16 4 1 1.089 0.025 41.4 0.0176 0.027 6.20
16 4 2 1.089 0.025 60.0 0.0247 0.039 4.47
16 4 3 1.089 0.025 75.5 0.0301 0.051 3.95

thermal diffusion coefficient increase and the temperature
higher, which may cause thermal softening and reduce the
shear flow stress. These reasons collectively influence the
SCE’s change. In Fig. 8, many point values of the SCE
show the trend of growth with the increase of cutting
speed because the shear strain rate has a more significant
effect on shear flow stress according to Egs. (4)~(6). The
SCE at some points also shows decreasing trend before
V.=0.8 m/s because the thermal softening becomes the
main effect on shear flow stress with increasing cutting
speed.

3.2 Effect of tool geometry on milling energy
consumption

This sub-section discusses the second set of tests results, 1.e.,
how the cutter diameter and the number of teeth influence the
SCE during the end milling process.

First, Table 5 shows the results of milling tests with tool
diameters, D, of 8 mm, 12 mm, and 16 mm under three com-
binations of cutting parameters mentioned in Table 4.

74 I combination1 MRR=4.33
{ ] combination2 MRR=8.67
[ combination3 MRR=13.00

(o2}
1

[¢)]
1

N
1 1

N w
1 1

Specific cutting energy (J/mm3)

D=12mm D=16mm

Fig. 9 SCE as a function of tool diameter and the process parameters

D=8mm
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It can be found in Table 5 that the feed rate per tooth
does not change for different tool diameters at a certain
combination. The average chip thickness 7. decreases with
the increasing tool diameter due to the changes in the
milling engagement angle ¢, (determined by the ratio of
radial cut depth to tool diameter). Figure 9 shows that the
SCE decrease with the increase of MRR and 7, from com-
binations 1 to 3 at each tool diameter D. At combination
1, when D increases from 8 to 16 mm, the 7. decreases
from 0.0247 to 0.0176 mm, and the SCE decreased from
5.34 to 4.70 J/mm>, and then SCE increased to 6.20 J/
mm?; at combination 2, the 7. reduced from 0.0346 to
0.0247 mm, and the SCE decreased from 4.22 to 3.84 J/
mm?, then increased to 4.47 J/mm?>; at combination 3, it
can be deduced to the same change trend. In this experi-
ment, when the D increased from 8 to 16 mm, the SCE
decreased first and then grew after V.=0.816 m/s; addi-
tionally, the 7. decreased by only 29% and the cutting
speed V. increased by 100% on average. A similar trend
can be seen in Fig. 7, the SCE decreased first when the
cutting speed increased at some points and grew after
V.~0.8 m/s. Obviously, V. becomes a dominant effect

0.060 - | Il combination1

]|/ combination2
0.055 [ combination3
0.050

0.045 1
0.040 1
0.035 1
0.030 1
0.025 1
0.020 1
0.015 1
0.010 1
0.005 1
0.000 -

MRR=4.33
MRR=8.67
MRR=13.00

Peut (kW)

D=12mm

D=16mm

Fig. 10 Cutting power as a function of tool diameter and process
parameters

D=8mm
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Table 6 Experimental results of different number of teeth

N, D (mm) Combination V. (m/s) f. (mm/z) o5 (°) f. (mm) P... (kW) SCE (J/mm®)
2 12 1 0.816 0.050 48.2 0.0405 0.015 3.46

2 12 2 0.816 0.050 70.5 0.0569 0.028 3.28

2 12 3 0.816 0.050 90.0 0.0692 0.038 291

4 12 1 0.816 0.025 48.2 0.0203 0.020 4.70

4 12 2 0.816 0.025 70.5 0.0285 0.033 3.84

4 12 3 0.816 0.025 90.0 0.0346 0.042 3.24

6 12 1 0.816 0.017 48.2 0.0135 0.022 5.15

6 12 2 0.816 0.017 70.5 0.0190 0.041 4.72

6 12 3 0.816 0.017 90.0 0.0231 0.053 4.06

factor on the SCE when the tool diameter changes.
Therefore, when the bigger tool diameter is used, more
attention needs to be paid to control the cutting speed in
order to reduce the SCE.

From Fig. 10, the relationship between the tool diameter
and the average cutting power can be seen. With the in-
crease of tool diameter, cutting power decreases first and
then increases. At the same time, the cutting power is also
affected by the MRR. At combination 3, the cutting power
is larger than any other combination (combination 3 repre-
sents a maximum MRR = 13.00 mm?/s).

Table 6 shows the results of milling tests with teeth number
N, of 2, 4, and 6 under the three combinations of cutting
parameter in Table 5.

From Table 6, it can be seen in that the cutting speed
and milling engagement angle did not change at the same
combination. With the increase of teeth number N,, the
average chip thickness 7. decreases due to the changes
in feet rate per tooth. Relationships among the teeth num-
ber, the process parameters, and the SCE are drawn in
Fig. 11. With the increase of teeth number, SCE increase
correspondingly. At the combination 1, when the N,

[ combination1 MRR=4.33
[ combination2 MRR=8.67
5 [_1 combination3 MRR=13.00

Specific cutting energy (J/mm°)

Nt=2 Nt=4 Nt=6

.11 SCE as a function of number of teeth and process parameters

I
Qo

increases from 2 to 6, the SCE increases from 3.46 to
5.15 J/mm3; at the combination 2, the SCE increased from
3.28 to 4.72 J/mm>. This analysis similarly can be taken
from combination 3. When the N, increased from 2 to 6,
the SCE grew by about 44%, and 7. decreased by 67% on
average. In this set of experiments, the SCE and the av-
erage chip thickness 7, change mainly because of changes
in feed per tooth £, with the teeth number changing.

Figure 12 shows that with an increase in teeth number,
cutting power increases. Cutting power is also affected by
MRR, and maximum MRR has larger cutting power than
any other combination. Although less teeth number makes
smaller SCE, it is worth noting that the less teeth number
the larger capacity space between teeth may make the
average cutting thickness and chip load larger (in N,=2,
1. is bigger than others and cutting power is not very
small in Table 6). Thus, appropriate cutting parameters
should be chosen to control the cutting force in that situ-
ation. In addition, more number of teeth means a dense
teeth space that can support a higher material removal rate
during the milling process.

4 Conclusion

The study explored how cutting parameters and tool ge-
ometry parameters influence energy consumption during
end milling through the changed average chip thickness
and provides data to support energy consumption assess-
ment of the milling process. Such knowledge helps ma-
chining process planners to improve energy efficiency in
practical milling processes by relying on quantitative
analysis instead of technical experience. Under the exper-
imental scope of this article, the following conclusions are
obtained:

The SCE shows the tendency of decrease with increases of
average chip thickness. Additionally, the SCE can be de-
creased or increased as the cutting speed increases. The
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Fig. 12 Cutting power as a function of number of teeth and process
parameters

average chip thickness and cutting speed affect the shear
strain, shear strain rate, and temperature of the workpiece,
which causes changes of the SCE in a mechanism view. If
there is an optional range, energy efficient cutting would be
obtained by setting a large feed rate per tooth due to decreas-
ing SCE, which needs to consider both n and V. Since average
chip thickness is a non-monotonic function of radial cut depth,
solving for the maximum of chip thickness within the optional
range of a, may make a small SCE.

In this work, when the tool diameter increased from 8 to
16 mm, the V. increased by 100% and 7. decreased by 29% on
average. With the cutter diameter increasing, the cutting speed
increases which lead to an increased SCE after V.~ 0.8 m/s,
besides the average chip thickness decreases slightly due to
the decreasing milling swept angle. Therefore, process plan-
ners may select a large material removal rate and suitable
cutting speed under a large cutter diameter to reduce SCE
gaining energy efficient cutting.

With the number of cutter teeth increasing, feed per
tooth decreases; thus, average chip thickness decreases
and SCE increases gradually. When the teeth number in-
creased from 2 to 6, the SCE grew by about 44%, and 7,
decreased by 67% on average. When the teeth number is
less, a larger capacity space between teeth makes the av-
erage cutting thickness larger. Thus, selecting cutting pa-
rameters should be considered to avoid large cutting pow-
er that may damage the cutter at less teeth situation. In
addition, more teeth number means a dense teeth space
that can support a higher material removal rate during the
milling process. Thus, an appropriate higher MRR can be
set to reduce SCE under the cutting condition of more
teeth number.
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tools Co., LTD

Cutter coating: TiAIN

Cutter material: Carbide material

Proper material to cut: carbon steel, alloy
steel, cast iron.

Grade: 45

Chemical composition mass fraction%:

C 0.42~0.50

Si0.17~0.37

Mn 0.50~0.80

Cr=<0.25

Ni<0.30

Cu<0.25

The mechanical properties of | o,/MPa =600

The mechanical properties of | o/MPa =355

Delivery status without heat treatment, steel
hardness of HBS <229

Brand: XKA714B/B (Beijing No. 1 Machine
Tool Plant)

Table area (width x length) mm: 400 x 1100

X axis stroke mm: 600

Y axis stroke mm: 450

Z axis stroke mm: 500

Spindle speed mm/min: 500~4000

Feed rate mm/min: (X/Y)6~3200; (Z)3~1600

Fast moving speed mm/min: (X/Y) 8000, (Z)
4000

Positioning accuracy mm: + 0.015

Spindle motor rated power kW: 5.5/7.5

Spindle torque Nm: 220

Feed torque Nm: 14

Weight kg: 3800

Outline dimension mm: 2130 x 1700 x 2380

Brand: YOKOGAWA CW240

Power analysis software: CW Viewer
AP240E

Maximum input voltage: 1000 V

Maximum input current: 200 A

Frequency range: 45-65 Hz

Sample frequency: 100 ms

Power reading accuracy: +0.6%

Power measuring accuracy: +0.4%

Connection method: three phase wiring

Origin8

Cutting material

Machine tool

Power meter and
analysis software

Fitting analysis tool
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Fig. 13 Experimental installation
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