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Abstract Nowadays, there are urgent demands of micro
structure/parts which have high strength in high-
temperature environment in the fields such as aerospace,
energy, power, biomedical, etc. Nickel-based superalloy
with high strength and high hardness under high tem-
perature is the suitable material for manufacturing this
kind of micro parts. Aimed at the problem of the com-
plicated cutting force variation rule when micro-end
milling nickel-based superalloy, the cutting forces model
during micro-end milling of nickel-based superalloy pro-
cessing is studied. Firstly, micro-end milling hole exper-
iments are carried out to establish the radical run-out
prediction model of cutting edge, which lays the foun-
dation for establishing the cutting thickness calculation
model during micro-end milling. Then, based on the
minimum cutting thickness value, micro-end milling of
nickel-based superalloy process is divided into two dif-
ferent cutting processes: shear-dominant regime cutting
process and ploughing-dominant regime cutting process.
Moreover, cutting forces prediction model during shear-
dominant regime cutting process is developed based on
the cutting forces in proportion to cutting layer area,
which takes the effect of ploughing into account.
Meanwhile, cutting forces prediction model during
ploughing-dominant regime cutting process is developed
based on the cutting force in proportion to interference
volume between the flank surface of cutting tool and

the workpiece. The experiment results verify that the
cutting forces prediction results and experiment results
are well matched.
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1 Introduction

Due to the high strength, low thermal conductivity, high vis-
cosity, liability to work hardening, difficulties of machining,
and accuracy ensuring caused by carbide, nitride, and their
compounds in nickel-based superalloy, Thakur et al. [1] de-
clared that nickel-based superalloy is a typical difficult-to-cut
material. So far, the scholars around the world have made
many researches on the cutting forces during milling nickel-
based superalloy process.

Alauddin et al. [2] built the average milling forces predic-
tion model in forward and backward milling Inconel718 pro-
cess and proved that the cutting force increases as the feed rate
and axial cutting thickness increase and decreases as cutting
speed decreases. Taking the size effect and radial run-out of
the cutter into consideration, prediction model of nickel-based
superalloy cutting force is established by Estrems et al. [3].
Parameter calibration of cutting force model is studied by Kuo
and Ling [4], and three-dimensional cutting forces prediction
model is built. Three-dimensional finite element simulation
prediction model of high-speed milling Inconel718 is
established by Soo and Dewes [5], and preliminary estimate
shows that deviation of the prediction model is caused by
inaccurate description of friction characteristics. Henderson
et al. [6] thought that the effect of tool’s round edge on cutting
force is due to the friction between tool and part. The effects of
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tool wear, the circular radius of cutting edge, and cutting pa-
rameters on cutting forces are taken into consideration to build
cutting force model of milling nickel-based superalloy pro-
cess. A nickel-based superalloy lathe experiment was con-
ducted by Zhao et al. [7]. The cutting parameters of the exper-
iment were rotation speed 60 r/min, feed rate 0.18 mm/r, and
depth of cut 0.25 mm. The experiment results showed that the
amount of tool wear is little, and the roughness of machined
parts is less than Ra0.8μm. Chun et al. [8] obtained the cutting
parameters from the average cutting forces of machining, and
they applied the cutting parameters to predict the variation of
cutting force. Subrahmanyam et al. [9] presented a cutting
force model for ball nose milling on inclined planes for given
cutting conditions assuming a fresh or sharp cutter.

The machinability of nickel-based superalloy is testified by
the related research results. The success of machining nickel-
based superalloy with small depth of cut and roughness less
than Ra0.8 μm provides a reference to the nickel-based super-
alloy micro-end milling. However, the size effect and mini-
mum cutting thickness phenomena in micro-end milling pro-
cess will bring about new theories and techniques; the macro-
scopic modeling theory of nickel-based superalloy is no lon-
ger suitable for the mesoscale machining process. Theoretical
and modeling researches on cutting forces of nickel-based
superalloy should be conducted based on the micro-scale
characteristics.

At present, domestic and overseas scholars have performed
many investigations onmicro-end milling models for different
materials during micro-end milling process. Cutting force
model of micro-milling (part materials are NAK-55 steel,
graphite, and aluminum alloy) was built by Bao and Tansel
[10, 11], which considered the effects of feed rate per tooth,
tool radius, tool run-out, and tool wear. A series of slot milling
experiments on single ferrite base, pearlite base, multiphase
ferrite, and pearlitic ductile iron were carried out by utilizing
carbide end milling cutter with two flutes, whose diameter is
0.5 mm, by Vogler et al. [12]. There was a 12-kHz fluctuation
signal, besides 500 Hz main shaft frequency and 1000 Hz
cutting frequency, in the cutting force frequency spectrum
which was conducted as slot milling nodular cast iron with
50 % of pearlite at the main shaft speed of 30,000 r/min and
feed rate of 2 μm. For 48 m/min cutting speed caused by
3000 r/min main shaft speed, 12 kHz equates to 65.4 μm
wavelength, which was close to the 70 μm average grain size
of ferrite. And there was no signal above 10 kHz when cutting
single ferrite or pearlite base nodular cast iron. The compari-
son showed that the multiphase micro structure caused fluctu-
ation of cutting forces. The milling process was divided into
two different cutting phases: ploughing-dominant part plastic
deformation phase and shear-dominant chip forming phase by
Li [13]. According to different cutting stages, milling force
model was established. Through the analyses of micro-
milling force when machining aluminum alloy and

titanium alloy, characters and changing rules were got-
ten by Zhang [14].

Researches on micro-end milling forces model of steel,
graphite, aluminum alloy, glass, and other materials offer ref-
erence to research on cutting forces model during micro-end
milling nickel-based superalloy process. Nickel-based super-
alloy is a multiphase material, whose micro structure can
cause fluctuation of cutting forces and make it difficult to
predict fluctuation law of cutting forces during micro-end
milling of nickel-based superalloy. Thus, the research on cut-
ting forces model during micro-end milling of nickel-based
superalloy process becomes one of the key issues to be solved.

2 Research on cutting edge total radical run-out
in micro-end milling process

Most of the existing instantaneous cutting thickness models in
micro-cutting process are based on the trochoid trajectories of
cutting edge, which take spindle run-out and elastic recovery
of workpiece into account but neglect the influences of cutter
installation errors, cutter-holder manufacturing errors, system
rigidity, and so forth on. The effect of cutter installation errors,
cutter-holder manufacturing errors, spindle run-out, system
rigidity, and so forth on the instantaneous cutting thickness
ultimately comes down to the impact on instantaneous cutting
thickness made by the total radical run-out of cutting edge
with respect to the workpiece. Now, Malekian et al. [15],
Filiz et al. [16], and Ahmadian and Nourmohammadi [17]
used receptance coupling method to obtain the dynamic re-
sponse functions of cutting edge in micro-cutting process, but
this method is very complicated and is heavy on
computations.

A new method of measuring total radical run-out of
cutting edge is proposed in this paper. First, the total
radical run-out of cutting edge is obtained based on the
experiment, and the prediction model of the total rad-
ical run-out of cutting edge is established based on the
experimental data. Then considering the effect of tro-
choid trajectories of cutting edge, total radical run-out
of cutting edge, and minimum cutting thickness, the
calculation models of the nominal instantaneous cutting
thickness and cumulative instantaneous cutting thick-
ness during the actual cutting process are established,
and the single-tooth cutting phenomenon in micro-
cutting process is analyzed. The research can make
theoretical preparation for further study on micro-end
milling force model.

2.1 Experiment design

On the self-developed micro CNC milling machine, as shown
in Fig. 1, the influence of spindle rotation speed and extended
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length of cutter (Fig. 2) on the cutting edge total radical run-
out is studied by the experiment of micro-hole milling. Precise
high-speed electric spindle is used in the self-developed mi-
cro-end milling machine, and the maximum rotational speed
of the electric spindle is up to 140,000 rpm and the radical run-
out of the spindle is less than 2 μm. The following experi-
ments of micro-end milling slots are also conducted on this
system.

Ultrafine particle-coated cemented carbide end milling tool
with two flutes is used to mill micro-holes; the theoretical
diameter of the milling tool is 0.6 mm, and the length of edge
is about 0.5 mm; the tool nose radius is approximately
2.02 μm, and the helix angle is approximately 30°. The actual
diameter measured by the scanning electronmicroscope isD=
594.1 μm (as shown in Fig. 3).

The material used is the typical difficult-to-machine mate-
rial Inconel718, and the chemical composition and perfor-
mance parameters are shown in Tables 1 and 2, respectively

The axial depth of micro-hole is 100 μm, and the axial
feed rate is 0.01 mm/s. The cutter will be kept rotating in
the micro-end milling hole for 30 s, when the point of cutter
reaches the bottom of the hole during micro-end milling hole
experimental process. It is assumed that the material’s spring
back effect can be removed when the cutter keeps rotating in
the micro-end milling hole for 30 s. So the spring back effect
can be neglected in the micro-milling experiments when
modeling the magnitude of the total radial run-out. It is as-
sumed that the effects of axial depth of cut, radial depth of cut,
feed rate, and other factors to total radial run-out are neglected
for the same cutting conditions, the same cutting tool, and the
same machine tool.

The actual diameter of micro-end milling cutter is D, and
the measured diameter of micro-hole isDm, so the radical run-
out of cutting edge is r0=(Dm−D)/2.

Taking cutter extended length L and spindle speed n as
experimental parameters, respectively, as shown in Table 3,
the influence law of cutting edge total radical run-out by the
various factors is analyzed. Thirty-six group experiments have
been done, and in each group, five micro-holes are milled.
Choose mean value of experiment results as the cutting edge
total radical run-out under this rotational speed.

2.2 The experiment results and analysis

The experiment results of cutting edge total radical run-out
under conditions of different experimental parameters are
shown in Table 3.

Based on the experiment data in Table 3, a two-
dimensional drawing plotted by MATLAB software is set
forth, as shown in Fig. 4, which is about the cutting edge total
radical run-out changes with cutter extended length and spin-
dle speed.

2.3 Establish the prediction model of cutting edge total
radical run-out

The prediction model of cutting edge total radical run-out is
able to calculate arbitrary cutter extended length and spindle
speed within the range of the experimental parameters. Use
exponential Eq. (1) to fit experiment data and establish pre-
diction model of cutting edge total radical run-out. In order to
unite units, cutting edge total radical run-out with the unit
millimeter is used to carry on the data fitting.

Rt ¼ a� Lb � nc ð1Þ
Where Rt is the total radical run-out of cutting edge (mm), a is
the correction coefficient, and b,c is the impact index of cutter

Fig. 1 The self-developed micro CNC milling machine

Fig. 2 Extended length of micro-end milling cutter
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extended length and spindle speed to cutting edge total radical
run-out.

Equation (1) is a nonlinear equation. To determine the co-
efficient, logarithmic transformation is used to turn it into a
linear equation, as shown in Eq. (2). Based on the experiment
data in Table 3, linear regress least square method is used to
determine the coefficient of Eq. (2). The final solved predic-
tion model is shown in Eq. (3).

lgRt ¼ lgaþ blgLþ clgn ð2Þ
Rt ¼ 10−4:6477 � L0:6080 � n0:4182 ð3Þ

The F inspection is used to do significance test on regres-
sion equation and the variance analysis results are listed in
Table 4.

The results of significant F inspection for regression equa-
tion is F0.01(2,33)=5.32<241.98, so the prediction model of
cutting edge total radical run-out is highly significant and
relative fitting error of the regression equation is less than
0.0926. That the regression equation is highly significant
merely suggests that it fits the experiment results well at the
testing points, which cannot confirm that the calculated value
fitting the measured value well within the whole range of the
parameters. In order to confirm the effectiveness and accuracy
of the established prediction model of cutting edge total rad-
ical run-out, 15 groups of experiment are designed to test the
fitting degree of regression equation at 15 testing points within
the region of parameters. Results of the comparison between
measured value and theoretical calculated value of regression
equation are represented in Table 5.

The F inspection is used to do fitting level test on regres-
sion equation, and the results are shown in Table 6: F0.01(25,

8)=5.27>0.222, so the regression equation of cutting edge
total radical run-out fits well with the actual measured value.

So the established prediction model of cutting edge total
radical run-out applies to the prediction of cutting edge total
radical run-out in the range of 12≤L≤22; 39680≤n≤92040.

3 Analysis of characteristics of micro-milling process

Due to the sharp decline of machining characteristic scales
during micro-end milling process, many assumptions made
during traditional milling are invalid in micro-scale.
Influences of cutter’s round edge, the minimum cutting thick-
ness, and elastic recovery of machined surface have been tak-
en into consideration when analyzing the characteristics of
micro-milling process.

3.1 The influence of cutter’s round edge

Compared to traditional milling, rake face involved in milling
reduces during micro-end milling process, so material remov-
al is largely dependent on the area near cutting edge. In addi-
tion, due to the limit of micro tool machining technique, the
size of the circular radius of cutting edge cannot decrease as
processing scale reduces. The hypothesis that cutting edge is
absolutely sharp is no longer valid during micro-milling by
Wang [18]. Thus, the influence of cutter’s round edge on
micro-milling must be considered, as shown in Fig. 5.

Since cutting thickness is about the size of the arc radius of
the cutting edge during micro-milling, the phenomenon of
negative rake angle cutting can appear affected by the arc

Fig. 3 The SEM photo of micro-
end milling cutter

Table 1 Chemical composition
of Inconel718 Element Ni Fe Cr Mo Ti Nb Al Si Co Mn Cu C

Percent, % 48.42 19 19 3 0.9 5.3 0.5 0.35 3.0 0.35 0.1 0.08
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radius of the cutting edge. Due to the barrier of the negative
rake, chips cannot flow smoothly along the rake face, friction
characteristics between chips and rake face change, and
ploughing effect between workpiece and flank surface in-
creases. The lesser the cutting thickness, the more obvious
the negative rake angle effect is and the more the influence
on milling process. Meanwhile, the arc radius of the cutter is
also one of the effects on the minimum cutting thickness.

3.2 The influence of the minimum cutting thickness

During micro-end milling process, the cutting thickness is
usually at the same magnitude as the arc radius of the cutting
edge, even smaller. Thus, the effect of cutting edge arc radius
cannot be ignored when building micro-end milling forces
prediction model during micro-end milling process. Flow of
chips is impeded by arc radius of the cutting edge, which
makes that not all tool teeth can form chips. Affected by tool
geometrical parameters and material characteristics of work-
piece, there is a critical thickness that can produce chips;
Malekian et al. [19] named it the minimum cutting thickness.
As it is shown in Fig. 6, when the actual cutting thickness is
less than the minimum cutting thickness, there is elastic de-
formation between rear face of tools and workpiece surface,
which results in no chip. When the actual cutting thickness is
close to the minimum cutting thickness, both plastic deforma-
tion and elastic deformation occur, which result in cutting

thickness accumulation phenomena. When the actual cutting
thickness is more than the minimum cutting thickness and
forces implemented on workpiece is close or above yielding
limit of workpiece, plastic deformation will happen in cutting
layer and is cut out as chips.

Domestic and overseas scholars used experimental meth-
od, FEMmethod, and elastic-plastic theory analysis method to
get the minimum cutting thickness during micro-end milling
process. Their research results proved that the minimum
cutting thickness was related to the arc radius of the cut-
ting edge and friction characteristics between tool and
workpiece. Microscopic mechanics strain gradient theory
based on dislocation mechanism was proposed by Wu and
Shi [20]. The minimum cutting thickness is supposed to
be the cutting thickness corresponding to the internal
stress of material that reaches critical stress of ductile
fracture. The calculation equation of the minimum cutting
thickness is

tmin ¼ re 1−cos
180� l

2π� re σfracture=σ JCð Þ2
 !" #

ð4Þ

Including

l ¼ 18a2G2b=σ2
JC ð5Þ

σfracture ¼ 2 1−νð Þ � Kc
2

πGb
ð6Þ

l is the intrinsic characteristic length of material; a is a
constant about 0.3 to 0.5; σfracture is the flow stress deduced
by fracture mechanics when material is about to break; σJC is
the material tensile reference stress; Κc is the stress intensity
factor; ν is the Poisson ratio; G is the shear modulus; b is the
modulus of Burgers vector; re is the arc radius of the
cutting edge.

The minimum thickness Eq. (4) not only reflects the effect
of the arc radius of the cutting edge on the minimum cutting
thickness but also, based on micromechanics strain gradient
theory, introduces material intrinsic characteristic length to
represent the scale when material has the mesoscopic scale
deformation. Equation (4) is used to calculate the minimum
cutting thickness during micro-end milling.

Single-factor experiments are performed to prove the cal-
culation of the minimum thickness. When cutting process
transforms from plough-dominant regime cutting process to
shear-dominant regime cutting process, there will be a peak of
the maximum cutting force at the limit. The experiments are
designed to prove the calculation of the minimum thickness.
In the experiments, the spindle speed is 59,520 r/min, the axial
depth of cut is 25 μm, the feed per tooth is changed, and the
peak value of cutting force is measured. The feed per tooth is
from 0.3 to 1.1 μm. The relationship between cutting force
and feed per tooth is showed in Fig. 7.

Table 2 Performance parameters of Inconel718

Performance Parameters

Density, kg/m3 8470

Hardness, HRC 39~45

Modulus of elasticity, GPa 206

Poisson’s ratio 0.3

Thermal conductivity, W/(m·K) 11.2

Yield stress, MPa 1110

Strain rate, % 23.3

Tensile strength, MPa 965

Table 3 The experiment results of cutting edge total radical run-out

L/mm 12 14 16 18 20 22
Rt/μm
n/(r/min)

39,680 8.97 9.55 9.55 10.58 12.3 13.0

49,600 9.43 10.23 10.73 11.08 13.51 13.12

59,520 9.88 11.6 11.53 12.42 14.35 14.7

69,440 10.35 12.42 13.57 13.0 15.4 15.4

79,370 11.02 13.68 13.68 13.84 16.1 16.1

92,040 11.6 14.7 14.35 15.05 16.33 17.8
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As shown in the figure, when the feed per tooth
increases, the maximum cutting force increases at first
then decreases. During the cutting process, the maxi-
mum cutting thickness is appropriately equal to feed
per tooth. The minimum thickness should be equal to
the feed per tooth where the peak appears. Therefore,
the minimum thickness of the micro-milling Inconel718
process is 0.7 μm.

3.3 The influence of the elastic recovery of the machined
surface

Affected by the arc radius of the cutting edge, during
cutting process, there is a critical point where material
separates. Material above this critical point forms chips
by plastic deformation, while material below this critical
point cannot be cut, and it is ironed by the cutting edge,
detours the arc radius of the cutting edge, flows away
along the rear face, and approaches to its original height
by elastic deformation. This process is called ploughing
effect. During the traditional cutting process, cutting
forces are large; thus, the ploughing effect is not obvi-
ous, which is usually ignored. However, during micro-
end milling process, the cutting thickness reduces sharp-
ly, which causes a significant effect on cutting forces.
When the cutting thickness is small enough, the

ploughing effect is dominant; thus, the influence of
elastic recovery of the machined surface must be taken
into account during micro-end milling process.

The calculation, formula (7), of the amount of elastic re-
covery put forward by Shi [21] is

δ ¼ 3� σs

4� E
� re � 2exp

H

σs
−
1

2

� �
−1

� �
ð7Þ

From formula (7), we can see that elastic recovery δ
is decided by the radius of the cutting edge re, ratio
between tensile strength of workpiece σs and elasticity
modulus E, and ratio between hardness H and tensile
strength of workpiece σs. There is an obvious linear
relationship between elastic recovery and the radius of
the cutting edge re.

Reduction of the cutting thickness makes the influence of
the elastic recovery of the machined surface more obvious.
The minimum cutting thickness tmin is regarded as the demar-
cation point of the elastic recovery in this paper. When the
cutting thickness is larger than the minimum cutting thickness,
the elastic recovery of the machined surface is supposed to be
the largest, and then formula (8) can be used to calculate the
amount of elastic recovery. When the cutting thickness is
smaller than the minimum cutting thickness, the complete
elastic recovery is supposed to happen on the machined

Fig. 4 The influence rule of
cutter extended length and spindle
speed on the cutting edge total
radical run-out

Table 4 The regression variance
analysis table of total radical run-
out regression equation

Sources of variance Sum of
squares

Degrees of
freedom

Mean square
deviation

F

Regression sum of squares 171.13 2 85.565
85:565
0:3536 ≈241:98Residual sum of squares 11.67 33 0.3536

Total deviations sum of squares 182.80 35 α=0.01 Highly significant
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surface. The amount of elastic recovery is approximately
equal to the cutting thickness tc. The calculation formula is
shown below:

δ ¼ 3� σs
4� E

� re � 2exp
H

σs
−
1

2

� �
−1

� �
tc > tminδ ¼ tctc≤ tmin

�
ð8Þ

4 Basic researches on cutting forces model
during micro-end milling process

During micro-milling process, affected by the helix lead
angle of the micro-end milling cutter’s cutting edge, the
instantaneous cutting forces on the cutting edge change
continuously. Thus, the helix cutting edge cannot be
simplified as an orthogonal turning tool to analyze.
The part of cutting edge that is participating in cutting
workpiece is divided into N infinitesimal with height of
dz. Each infinitesimal can be simplified as an orthogonal
turning tool, regardless the effect of the helix lead an-
gle. Infinitesimal cutting model during micro-end mill-
ing is built, and the forces of each infinitesimal bear are
analyzed. The whole forces that the cutting edge bear
can be gotten by accumulating the forces of all the
infinitesimals bear. By accumulating the forces of all
the cutting edge bear, the forces of the milling tool bear
during cutting can be gained.

4.1 Geometrical model of micro-cutter edge

Ultrafine particle-coated cemented carbide end milling tool
with two flutes is used, and the helix angle is about 30°. The
studied micro-end milling forces prediction model is based on
two coordinate systems, as shown in Fig. 8.

Rectangular coordinate system X-Y-Z is the static coordi-
nate fixed on workpiece, while cylindrical coordinate system
θ−r−h is the coordinate fixed on milling cutter and rotates
withmilling cutter. Z-axis coincides with h-axis. Origins of the
two coordinates coincide. Cutter tooth position angle θ(t,k,z)
is defined as the angle between projection of the line
connecting the tooth tip of the k cutting edge with the
cutter axis on x-y planes and the positive y-axis at time
t. Clockwise is positive while counterclockwise is neg-
ative. The tooth position angle of the first cutting edge
is assumed as zero, so the end tooth position angle of k
cutting edge is

θ t; kð Þ ¼ 2πnt −
2πk

K
ð9Þ

t is time, k is the number of cutting edge, k=0,1,2, ⋅ ⋅⋅,K
−1, and K is the total number of cutting edges.

Due to the effect of the helix angle, the tooth position angle
of every point of the helical cutting edge is different from a
lead or lag angle Φk(z) compared to the tooth position angle of
the cutter’s edge line. As shown in Fig. 8, this angle is the
function of z-axis of this point:

Φk zð Þ ¼ z� tanβ
R

ð10Þ

During modeling, rotation direction of the cutter is clock-
wise. Taking the bottom of the first cutting edge line as refer-
ence, the position angle of infinitesimal of k cutting line with
height of z at t moment is

θ t; k; zð Þ ¼ 2πnt þ 2πk
K

−
z� tanβ

R
ð11Þ

Due to the influence of the helix angle β, the
actual cutting width of each infinitesimal dispersed

Table 5 Measured value and
theoretical calculated value of the
fitting degree testing points

Rt/um 13 17 21

L/mm Measured Calculated Measured Calculated Measured Calculated
n

39,680 9.14 8.97 10.26 10.56 12.55 12.00

59,520 10.72 10.63 12.43 12.51 14.42 14.22

79,370 12.15 11.98 13.81 14.11 16.09 16.04

Table 6 The fitting degree test
table of regression variance Sources of variance Sum of squares Degrees of freedom Mean square

deviation
F

Lost fitness sum of squares 26.46 25 1.058
1:058
4:766 ≈0:222Error sum of squares 38.13 8 4.766

Total deviations sum of squares 221.46 44 α=0.01
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axially is not dz but a bevel cutting width shown in
Fig. 8.

dw ¼ dz
cosβ

¼ R� dθ
sinβ

ð12Þ

The track of cutting edge is dependent on tool radius,
main shaft rotation speed, radial run-out of the cutting
edge, and feed rate. The cutting edge trochoidal trajec-
tory of the micro-end milling cutter is shown in Fig. 9.
x is the direction of feed, and y is the perpendicular
direction of feed direction. Cutter tooth position angle
is defined as the angle between the line connecting the
tooth tip with cutter axis and the positive y-axis.
Clockwise is positive while counterclockwise is nega-
tive. Solid line is the cutting track of k−1 cutting edge,
dashed line is the cutting track of k cutting edge, and
dotted line is the track of cutter’s axis. So the cutting
track of k cutting edge changes with time t is:

x t; kð Þ ¼ ft þ R sin θ t; k; zð Þð Þ þ Rt sin ωt þ φ0ð Þ
y t; kð Þ ¼ R cos θ t; k; zð Þð Þ þ Rtcos ωt þ φ0ð Þ
z t; kð Þ ¼ R� θ t; k; zð Þ=tanβ

8<
: ð13Þ

Thereinto, f is the feed rate (mm/s); t is time (s); R is the
radius of micro-milling cutter (mm); ω is the rotation speed of
the main shaft (rad/s); k is the number of cutter, k=0,1,2,⋅⋅⋅,K
−1; K is the total number of cutters, in this paper, K=2; Rt is

the radial run-out of the cutting edge (mm); andφ0 is the initial
angle of the radial run-out of the cutting edge (rad). The effect
of the run-out of cutting edge is taken into account in this
equation.

4.2 The determination of cut-in and cut-out angles
of the cutter edge line

Since the existing of the helix angle of the cutter edge in the
micro-end milling process, cut-in and cut-out angles of the
cutting edge infinitesimals with different axial heights of a
same edge line is different, namely, a lead or lag angle Φk(z)
exists compared to the tooth position angle of the cutter’s edge
line. So, before building micro-end milling force prediction
model, cut-in and cut-out angles at different time needs to be
analyzed.

Two-edged, flat micro-end milling cutter is used in
this paper to conduct slot milling experiment. Only
one edge participates in cutting at any time. Cut-in
and cut-out angles start at positive direction of y-axis
(clockwise is positive while counterclockwise is nega-
tive). Figure 10a is the top view in axial direction.
Figure 10b is the unfolded diagram along the cutter
circumference direction; abscissa is the unfolded sketch
of the milling cutter’s outer circumference; ordinate is
the axis direction of the milling cutter.

As it is shown in Fig. 10, during slot milling pro-
cess, milling cutter rotates in clockwise. Lag angle Φap

of infinitesimal cutting edge at axial depth of cut ap

Fig. 5 Micro-cutting model with arc cutting edge

(a) (b) (c)

Fig. 6 a, b, c Influence of the
minimum cutting thickness

Fig. 7 Relationship between cutting force and feed per tooth
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compared to infinitesimal cutting edge at the bottom of
the cutter is

Φap ¼ ap � tanβ=R ð14Þ

During slot-milling process, cut-in and cut-out angles are
considered in the following three conditions, according to the
tooth position angle θk(t,z):

1. When 0<θ(t,k,z)<Φap, as shown as line OA in Fig. 10b,
cutting edge line cuts into workpiece from the end of the
cutter as tooth position angle increases. The length of
cutting edge line also increases gradually. So the cut-in
angle θs=0; cut-out angle θe=θk(t,z).

2. When Φap<θk(t,z)<π, as shown as line AB in Fig. 10b,
cutting edge line below axial cutting depth all participates

in cutting process within this range of the tooth position
angle. So cut-in angle θs=θk(t,z)−Φap and cut-out angle
θe=θk(t,z).

3. When π<θk(t,z)<π+Φap, as shown as line BC in Fig. 10b,
cutting edge line cuts out workpiece from the end of the
milling cutter as the tooth position angle increases. So cut-
in angle θs=θk(t,z)−Φap and cut-out angle θe=π.

4.3 The calculation of the area of cutting layer
during micro-end milling

According to the traditional cutting theory, to two-edge mill-
ing cutter, two edges cut workpiece alternatively along the
feed direction. The enveloped crescent area between the two
cutting edge tracks represents the cutting thickness when cut-
ting edge in touch with workpiece at this feeding process at
various moments. As it is shown in Fig. 11, tc is the instanta-
neous cutting thickness when the tooth position angle of k
cutting edge is θ. Corresponding instantaneous cutting thick-
ness is the single tooth feeding when the tooth position angle
equals to 90°.

Judging from the sketch map of instantaneous cutting
thickness, the nominal instantaneous cutting thickness tc of
the kth cutting edge at moment t is the length of line DE.
Point D is the tracing point of no. k−1 cutting edge where
tooth position angle is θ′ at moment t′; point E is the corre-
sponding cutting edge tracing point when no. k cutting edge
passes point D at moment t; C′ and C are, respectively, the
centers of tool at moment t′ and t. According to the geometric
relationship of Fig. 11, instantaneous cutting thickness tc of
no. k cutting edge at moment t can be expressed as:

tc ¼ Rþ f csin ωt−2kπ=K þ ω0ð Þ−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− f 2ccos2 ωt−2kπ=K þ ω0ð Þ

q
ð15Þ

Thereinto,

f c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xc−xc0ð Þ2 þ yc−yc0ð Þ2

q
ð16Þ

ω0 ¼ arctan yc−yc0ð Þ= xc−xc0ð Þð Þ ð17Þ

xc0 ¼ ft0 þ Rt sin ωt0 þ φ0ð Þ
yc0 ¼ Rt cos ωt0 þ φ0ð Þ

�
ð18Þ

xc ¼ ft þ Rt sin ωt þ φ0ð Þ
yc ¼ Rt cos ωt þ φ0ð Þ

�
ð19Þ

Calculation model of instantaneous cutting thickness in
Eq. (15) is nonlinear equation with two unknown time

Fig. 8 The coordinate system for the micro-end milling forces prediction
model

Fig. 9 The trochoid trajectory of cutting edge
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quantities, so it needs to be solved by utilizing numerical
solution method. Judging from Fig. 11, the key point of cal-
culating instantaneous cutting thickness is to assure the
collineation of points C, D, and E, namely, to deduce the
moment t′ when cutting edge reaches point D affects the cal-
culation precision of cutting thickness model.

Micro-end milling process is a resultant motion of rotation
of tool driven by main shaft and feed motion of workpiece.
During slot-milling process, as cutting edge cuts in and cuts
out workpiece, cutting thickness increases from zero to max-
imum and then from maximum to zero as the tool rotates. It is
a nonlinear changing process. In axial direction, cutting
thickness is constant with tooth position angle, while
different cutting thicknesses differs corresponding to dif-
ferent tooth position angles. Cutting length involved in
cutting process is different when cutting line cuts at
different time and is also affected by the helix angle;
even infinitesimal of the same cutting line corresponds
to different cutting thicknesses. Thus, during micro-end
milling process, the area of the cutting layer is different
as the tool rotates. At moment t, the area A(t,k) of
cutting layer of number k cutting edge can be gotten
by integral along cutting line.

A t; kð Þ ¼
Z θε

θs

tc t; k; θð Þ � dθ ð20Þ

Thereinto, tc(t,k,θ) is the cutting thickness that differ-
ent tooth position angles of number k cutting edge cor-
responds to at moment t. It can be solved by formula
(16). The formula of tc(t,k,θ) is so complicated that it is
hard to get the results by integral function. Thus, it
theoretically feasible to get area of cutting layer by for-
mula (20), but not practical.

As it is shown in Fig. 10b, the cutting length of cutting edge
is segmented when cutting in and cutting out workpiece, so
subsection numerical integral method is used to get area of
cutting layer.

During slot-milling process, the difference of arbi-
trary infinitesimal cutting edge cut-in angle and cut-out
angle is π. The difference is divided into N parts, and

the increment of each tooth position angle of infinites-
imal is Δθ:

Δθ ¼ π=N ð21Þ

Thus, when cutting edge cuts in and cuts out workpiece,
tooth position angle of cutting edge infinitesimal is expressed
as the following:

θi ¼ θi−1 þΔθ ð22Þ

As shown in Fig. 10b, during the cutting process of OA and
BC, the amount of infinitesimal division N1 is

N1 ¼ Φap

Δθ
¼ N � ap � tanβ

πR
ð23Þ

As shown in Fig. 10b, instantaneous cutting layer thickness
of OA, AB, and BC is expressed as the following when cut-
ting edge involved inmilling process when the tool cuts in and
out workpiece:

A t j
� 	 ¼ R�Δθ

sinβ

Xj

i¼0

tc θið Þ j ∈ ½0;N 1� OAð Þ

A t j
� 	 ¼ R�Δθ

sinβ

Xj

i¼ j−N1

tc θið Þ j ∈ N1;
1N−N 1


 �
ABð Þ

A t j
� 	 ¼ R�Δθ

sinβ

Xj

i¼N−N1

tc θið Þ j ∈ N−N1;N½ � BCð Þ

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð24Þ

Thereinto, A(tj) is the area of cutting layer corresponding to
cutting edge involved in cutting process at moment tj, and
tc(θi) is the instantaneous cutting thickness when tooth posi-
tion angle is θi; according to formula (15) of cutting thickness,
tc(θi) can be expressed as:

tc θið Þ ¼ tc tið Þ ¼ Rþ f csin ωti þ ω0ð Þ−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− f 2ccos2 ωti þ ω0ð Þ

q
ð25Þ

(a) To view in the tool’s axial direction (b) Unfolded diagram along the circumference of the tool 

Fig. 10 Sketch map to
engagement angle of micro-cutter
during micro-end milling. a To
view in the tool’s axial direction;
b unfolded diagram along the
circumference of the tool
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Thereinto, ti=ti−1+Δt; t1=0 i=1,2,3⋯⋯N

Δt ¼ Δθ
2πn

¼ 1

2nN
ð26Þ

When numerical integral method is used to solve area
of cutting layer corresponding to cutting edge involved
in cutting process during micro-end milling process, the
more precise the result is and the more tooth position
angle divisions are. When N becomes infinity, the result
can be approximately regarded as the area of cutting
layer during actual cutting process.

5 Three-dimensional dynamic cutting forces
prediction model

When actual cutting thickness is larger than the mini-
mum cutting thickness during micro-end milling, cutting
layer performs shear slipping plastic deformation under
cutting force and is cut away as chips, namely, shear-
dominant cutting process. When the actual cutting thick-
ness is smaller than the minimum cutting thickness, the
cutting layer, after being ironed by cutting edge, slips
off flank surface of tool. Only elastic deformation oc-
curs without any chip, which is called ploughing-
dominant cutting process. When actual cutting thickness
is close to the minimum cutting thickness, there will be
accumulation of cutting thickness; thus, shear-dominant
regime and ploughing-dominant regime both exist. Since
there is a significant difference between shear-dominant
regime and ploughing-dominant regime, and only one
prediction model cannot describe these two cutting
forces. The minimum cutting thickness is used as de-
marcation point during micro-end milling process in this
paper. Cutting forces prediction model during shear-
dominant cutting process and cutting forces prediction
model during ploughing-dominant cutting process are
built respectively.

5.1 Cutting forces prediction model
during shear-dominant regime cutting process

When actual cutting thickness is larger than the mini-
mum cutting thickness and cutting forces are over yield
strength of the workpiece during micro-end milling,
cutting layer performs shear slipping plastic deforma-
tion under cutting forces and is cut away in the form
of chip removal. Deformation of cutting layer is mostly
shear-dominant whose cutting mechanism is similar to
traditional one. However, since cutting forces of micro-
end milling is usually at millinewton magnitude,
ploughing-dominant effect affects cutting process great-
ly. Thus, the effect of ploughing-dominant regime be-
tween flank face and machined workpiece surface on
cutting forces cannot be ignored during shear-dominant
regime cutting process. The influence of ploughing-
dominant regime is not considered when building
shear-dominant regime prediction model of cutting
forces by Malekian et al. [15].

The influence of ploughing-dominant regime is considered
during shear-dominant regime micro-end milling process. As
elastic recovery of machined surface has been taken into ac-
count, cutting forces of ploughing-dominant regime is sup-
posed to be in proportion to the interference volume between
tool and the machined surface of workpiece. Axially discrete
infinitesimal cutting forces prediction model of shear-
dominant regime cutting process is built as the following:

dF r ¼ Krc � tc t; k; zð Þ þ Krp � Ap

� 	
dw

dFc ¼ Kcc � tc t; k; zð Þ þ Kcp � Ap

� 	
dw ð tc > tminÞ

dFa ¼ Kac � tc t; k; zð Þ þ Kap � Ap

� 	
dw

8<
: ð27Þ

dFr, dFc, and dFa are the radial, tangential, and axial cutting
forces of cutting edge infinitesimal with a unit of Newtons;
Krc,Kcc, andKac are the radial, tangential, and axial coefficient
of shear-dominant regime cutting forces with a unit of Newton
per square millimeter; Krp, Kcp, and Kap are the radial, tangen-
tial, and axial coefficient of shear-dominant regime cutting
forces with a unit of Newton per cubic millimeter; Ap is the
ploughing area with a unit of square millimeter; tc(t,k,z) is the
instantaneous cutting thickness of infinitesimal of number k
cutting edge on z-axis at moment t, which can be solved in
formula (28) with a unit of millimeters; tmin is the minimum
cutting thickness solved in formula (4) with a unit of millime-
ters; and dw is the cutting thickness of infinitesimal with a unit
of millimeters.

Instantaneous accumulating cutting thickness of number k
cutting edge at moment t is

tc t; kð Þ ¼ tc t−2π= ωKð Þ; k−1ð Þ þ tc t; kð Þ; tc t−2π= ωKð Þ; k−1ð Þ < tmin

tc t; kð Þ ¼ tc t; kð Þ; tc t−2π= ωKð Þ; k−1ð Þ≥ tmin

�

ð28Þ

Fig. 11 The diagrammatic sketch of instantaneous cutting thickness
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Since the radial, tangential, and axial forces of tool during
micro-end milling cannot be measured directly, forces mea-
sured by dynamometer are forces of milling cutter on x-, y-,
and z-axes. So cutting forces of infinitesimal, dFr, dFc, and
dFa, need to be decomposed to X−Y−Z coordinate.

d Fx ¼ − d Fc � cosθ − d F r � sin θ
dFy ¼ dFc � sin θ−dF r � cos θ tc > tminÞdFz ¼ dFað

�
ð29Þ

Thereinto, θ is tooth position angle of milling cutter,
namely, the angle between line connecting tip of cutting
edge and axis of milling cutter and positive direction of
y-axis (clockwise is positive and counterclockwise is
negative).

Three-dimensional cutting force of infinitesimal can be
gotten by putting formulas (27) and (12) into formula (29):

dFx ¼ −
R

sinβ
Kcc � tc t; k; θð Þ þ Kcp � Ap

� 	� cos θþ Krc � tc t; k; θð Þ þ Krp � Ap
p

� 
� sin θ

h i
dθ

dFy ¼ R

sinβ
Kcc � tc t; k; θð Þ þ Kcp � Ap

� 	� sin θ− Krc � tc t; k; θð Þ þ Krp � Ap
p

� 
� cos θ

h i
dθ

dFz ¼ R

sinβ
Kac � tc t; k; θð Þ þ Kap � Ap

� 	
dθ

8>>>>><
>>>>>:

ð30Þ

Thereinto, tc>tmin

Cutting forces of a single miller cutter cutting edge can be
obtained by integrating infinitesimal cutting forces along

cutting edge. Cutting forces of milling cutter during shear-
dominant regime micro-end milling process can be gained by
accumulating cutting forces of K cutting edges. Its equation is

Fx tð Þ ¼ −
R

sin β

XK−1
k¼0

Z θε

θs

Kcc � tc t; k; θð Þ þ Kcp � Ap

� 	� cos θþ Krc � tc t; k; θð Þ þ Krp � Ap
p

� 
� sin θ

h i
dθ

Fy tð Þ ¼ R

sin β

XK−1
k¼0

Z θε

θs

Kcc � tc t; k; θð Þ þ Kcp � Ap

� 	� sin θ− Krc � tc t; k; θð Þ þ Krp � Ap
p

� 
� cos θ

h i
dθ

Fz tð Þ ¼ R

sin β

XK−1
k¼0

Z θε

θs

Kac � tc t; k; θð Þ þ Kap � Ap

� 	
dθ

8>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>:

ð31Þ

Thereinto, tc>tmin, and θe and θs are cut-in angle and cut-
out angle of cutting edge, respectively.

Formula (31) is a three-dimensional dynamic model
of cutting force when the actual cutting thickness is
larger than the minimum cutting thickness. Six unknown
quantities are calibrated by slot micro-end milling
experiments.

When actual cutting thickness is larger than the min-
imum cutting thickness, shear-dominant regime is the
main mate r i a l de fo rma t ion fo rm. Meanwhi l e ,

considering the effect of ploughing-dominant regime be-
tween flank surface and workpiece, infinitesimal cutting
model is as shown in Fig. 12.

In Fig. 12, δ is the elastic recovery of machined surface and
its calculation formula is formula (8). Point S is the intersec-
tion of the minimum cutting thickness and arc of cutting edge,
namely, material separation stagnation. Plastic slipping
deformation of material happens in area above point S,
while material ironed by cutting edge slips off flank
surface in area below point S. Angle αS between line
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connecting point S and arc center of cutting edge and y-
axis is expressed as

αS ¼ cos−1ð re−tmin

re
Þ ð32Þ

Thereinto, re is the arc radius of cutting edge whose unit is
millimeters and tmin is the minimum cutting thickness with a
unit of millimeters.

Shadow area Ap in Fig. 12 is the ploughing area between
flank surface of tools and workpiece. According to geometri-
cal relation, Ap is expressed as:

Ap ¼ AAOS þ AAOB−ABOS ð33Þ

Thereinto, AAOS is the area of sector AOS, AAOB is
the area of triangle AOB, and ABOS is the area of tri-
angle BOS.

The area of sector AOS is

AAOS ≈
1

2
r2e αS þ α0ð Þ ð34Þ

The area of triangle AOB is

AAOB ¼ 1

2
re � lAB ð35Þ

lAB ¼ δ−re 1−cos α0ð Þ
sin α0

ð36Þ

The area of triangle BOS is

ABOS ¼ 1

2
re � lBO � sin αS þ α0 þ αPð Þ ð37Þ

lBO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2e þ lAB

2
q

ð38Þ

αP ¼ tan−1 lAB=reð Þ ð39Þ

When the cutting thickness is smaller than the minimum
cutting thickness, the interference area Ap between flank sur-
face and workpiece is expressed as

Ap ¼ 1

2
r2e αS þ α0ð Þ þ 1

2
re � lAB−

1

2
re � lBO � sin αS þ α0 þ αPð Þ ð40Þ

5.2 Cutting forces prediction model
during ploughing-dominant regime cutting process

When the actual cutting thickness is smaller than the
minimum cutting thickness during micro-end milling
process, cutting layer is firstly ironed by cutting edge
then flows off the flank surface of tool. Only elastic
deformation occurs without any chip , namely,
ploughing-dominant cutting process. Using Malekian
modeling theory, cutting force is supposed to be in pro-
portion with interference volume of ploughing area dur-
ing ploughing process. Ploughing-dominant regime
model of cutting forces are developed as

d F r ¼ Krpp � Ap

� 	
d w

dFc ¼ Kcpp � Ap

� 	
dw tc < tminÞ

dFa ¼ Kapp � Ap

� 	
dw

8>><
>>: ð41Þ

Krpp, Kcpp, and Kapp are the radial, tangential, and
axial coefficients of ploughing effect with a unit of
Newton per cubic millimeter. Other parameters are the
same as formula (27).

Formula (41) is decomposed into x, y, and z, three direc-
tions. Forces of three directions are expressed as

dFx ¼ −
R

sin β
Kcpp � Ap

� 	� cos θþ Krpp � Ap

� 	� sin θ

 �

dθ

dFy ¼ R

sin β
Kcpp � Ap

� 	� sin θ− Krpp � Ap

� 	� cosθ

 �

dθ tc < tminÞ

dFz ¼ R

sin β
Kapp � Ap

� 	
dθ

8>>>>>>><
>>>>>>>:

(42)
Cutting force of milling cutter during ploughing-

dominant regime cutting process by integral of

Fig. 12 Area of ploughing processing
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infinitesimal cutting forces along cutting edge is as
follows:

Fx tð Þ ¼ −
R

sin β

XK−1
k¼0

Z θε

θs

Kcpp � Ap

� 	� cosθþ Krpp � Ap

� 	� sinθ

 �

dθ

Fy tð Þ ¼ R

sin β

XK−1
k¼0

Z θε

θs

Kcpp � Ap

� 	� sinθ− Krpp � Ap

� 	� cosθ

 �

dθ

Fz tð Þ ¼ R

sin β

XK−1
k¼0

Z θε

θs

Kapp � Ap

� 	
dθ

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

tc < tminÞ ð43Þ

Formula (43) is a three-dimensional cutting forces predic-
tion model when cutting thickness is smaller than the mini-
mum cutting thickness. Three unknown quantities in the for-
mula can be calibrated by slot-milling experiment.

As it is shown in Fig. 13, the shadow area is the ploughing
area Ap when the actual cutting thickness is smaller than the
minimum cutting thickness. The maximum elastic recovery δ
is regarded as a node to get ploughing area in two situations.

As shown in Fig. 13a, when δ<tc<tmin, it is supposed that
elastic recovery of machined surface is the maximum elastic
recovery. Elastic recovery amount δ is calculated by formula
(8). The calculation process of ploughing area is similar to that
of shear-dominant regime ploughing area.

Ap ¼ 1

2
r2e αC þ α0ð Þ þ 1

2
re � lAB−

1

2
re � lBO � sin αC þ α0 þ αPð Þ

ð44Þ
Thereinto,

αC ¼ cos−1
re−tc
re

� �

lAB ¼ δ−re 1−cos α0ð Þ
sin α0

lBO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
re2 þ lAB

2
q

αP ¼ tan−1
lAB
re

� �
ð45Þ

As shown in Fig. 13b, when tc<δ<tmin, it is supposed that
elastic recovery of machined surface is complete elastic recov-
ery. Elastic recovery is close to cutting thickness. Ploughing
area is expressed as:

Ap ¼ 1

2
r2e αD þ α0ð Þ þ 1

2
re � lAE−

1

2
re � lEO

� sin αD þ α0 þ αPeð Þ ð46Þ

Thereinto,

αD ¼ cos−1
re−tc
re

� �
; lAE ¼ tc−re 1−cos α0ð Þ

sin α0

lEO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
re2 þ lAE

2
q

; αPe ¼ tan−1
lAE
re

� � ð47Þ

When the cutting thickness is smaller than the mini-
mum cutting thickness, the interference volume Ap be-
tween flank surface of tool and workpiece are calculated
as follows.

Ap ¼ 1

2
r2e αC þ α0ð Þ þ 1

2
re � lAB−

1

2
re � lBO � sin αC þ α0 þ αPð Þð δ < tc < tminÞ

Ap ¼ 1

2
r2e αD þ α0ð Þ þ 1

2
re � lAE−

1

2
re � lEO � sin αD þ α0 þ αPeð Þ tc < δ < tminÞð

8>>>>>><
>>>>>>:

ð48Þ
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5.3 Parameter identification of the cutting forces
prediction model during micro-milling process

There are altogether nine coefficients of force in cutting force
prediction model. Coefficient of shear effect indicates cutting
force that cutting edge infinitesimal withstands when cutting
chip per unit cutting layer area. Ploughing effect coefficient
indicates cutting force that cutting edge infinitesimal with-
stands when there is unit interference volume between cutting
edge infinitesimal and machined surface. Cutting force coef-
ficients are related to geometrical parameters of tools, material
of tool, and material of workpiece. For different tool materials
and workpiece materials, cutting force coefficients are differ-
ent, and thus, it is needed to conduct parameter identification
before utilizing cutting force prediction model. Cutting force
coefficients are approximately constant for the same tool ma-
terial and workpiece material.

Cutting force coefficients of cutting forces prediction mod-
el formula (31) of shear-dominant regime and cutting force
prediction model formula (43) of ploughing-dominant regime
are constant, so cutting layer area and interference volume of
ploughing area of certain tooth position angle involved in
cutting edge can be gotten by subsection numerical integral.
Cutting force of certain tooth position angle can be obtained
by experiments. Based on data of cutting force and cutting
layer areas, cutting force coefficients can be solved by least
square method.

The following will take parameter identification of
cutting force prediction model during shear-dominant
regime as an example to analyze cutting force coeffi-
cient identification method. Cutting force coefficients
at any time are supposed to be constant; then cutting
force prediction model formula (31) during micro-end
milling process is

Fx tð Þ ¼ − Kcc � Ac þ Kcp � V c

� 	
− Krc � As þ Krp � V s

� 	
Fy tð Þ ¼ Kcc � As þ Kcp � V s

� 	
− Krc � Ac þ K rp � V c

� 	
tc > tminð Þ

Fz tð Þ ¼ Kac � Aþ Kap � V
� 	

8<
: ð49Þ

Thereinto,

Aa ¼ R

sinβ

XK−1
k¼0

Z θε

θs

tc t; k; θð Þ dθ Ac ¼ R

sinβ

XK−1
k¼0

Z θε

θs

tc t; k; θð Þ cosθdθ As ¼ R

sinβ

XK−1
k¼0

Z θε

θs

tc t; k; θð Þ sinθdθ

(
ð50Þ

V a ¼ R

sinβ

XK−1
k¼0

Z θε

θs

Apdθ V c ¼ R

sinβ

XK−1
k¼0

Z θε

θs

Apcosθdθ V s ¼ R

sinβ

XK−1
k¼0

Z θε

θs

Apsinθdθ

(
ð51Þ

Based on cutting force prediction model formula (31)
during micro-end milling process, cutting layer area of
cutting edge line involved cutting at different tooth

position angles is decomposed to x-y coordinate.
Stimulation curve of half a period during tool rotation
is shown in Fig. 14.

(a) δ< tc < tmin (b) tc<δ< tmin

Fig. 13 Area of ploughing
processing. a δ<tc<tmin; b tc<δ<
tmin
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Stimulation condition of Fig. 14 is the same as Fig. 12.
Judging from Fig. 14, decomposition of cutting area to x-axis
reaches a maximum when infinitesimal bottom tooth position
angle of cutting edge line is 1.2849 radians, while the mea-
sured cutting force of x direction reaches its peak. Similarly,
decomposition of cutting area to y-axis reaches a maximum
when infinitesimal bottom tooth position angle of cutting edge
line is 1.9321 radians, while the measured cutting force of y
direction reaches its peak.

According to cutting forces prediction model of formula
(50), cutting thickness is decomposed into Ac and As,as shown
in Fig. 15.

Stimulation condition of Fig. 15 is the same as Fig. 14.
Judging from Fig. 15, cutting force on x-axis reaches its peak
when infinitesimal bottom tooth position angle of cutting edge
line is 1.2849 radians. Summation of infinitesimal cutting lay-
er area after decomposed is Acx=2.0102×10

−5 mm2 and
Asx=6.1232×10

−5 mm2. Similarly, cutting force on y-axis

Fig. 14 Decomposition of
cutting layer area to coordinate
axes

Fig. 15 Decomposition of
cutting layer area
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reaches its peak when infinitesimal bottom tooth position an-
gle of cutting edge line is 1.9321 radians. Summation of in-
finitesimal cutting layer area after being decomposed is Acy=
−2.0425×10−5 mm2, Asy=5.9677×10

−5 mm2.
When the cutting thickness is smaller than the minimum

cutting thickness, shear plastic deformation of material is
dominant during cutting process, while ploughing effect be-
tween flank surface of cutting tool and workpiece cannot be
ignored. Ploughing force is in proportion to interference vol-
ume of ploughing area. Based on cutting forces prediction
model formula (51), interference volume of ploughing area
is decomposed into Vc and Vs, as shown in Fig. 16.

Judging from Fig. 16, cutting force on x-axis reaches its
peak when infinitesimal bottom tooth position angle of cutting
edge line is 1.2849 radians. Summation of infinitesimal inter-
ference volume after being decomposed is Vcx=3.3324×10

−

8 mm3 and Vsx=1.0148×10
−7 mm3. Similarly, cutting force

on y-axis reaches its peak when infinitesimal bottom tooth
position angle of cutting edge line is 1.9321 radians.
Summation of infinitesimal interference volume after
decomposed is Vcy=−3.4597×10−8 mm3 and Vsy=1.9321×
10−7 mm3.

Supposing that when cutting layer area is maximum, axial
force reaches its peak, Aa=6.727×10

−5 N. The calculated
ploughing volume is Va=9.23×10

−7 mm3.
Results of the experiment for identifying micro-cutting

forces prediction model parameters in the shearing-dominant
regime are shown in Table 7.

According to experimental condition of Table 7, parameter
identification method proposed in this section is used to get
cutting layer area and interference volume of ploughing area
corresponding to cutting force prediction model, when x di-
rection and y direction reach their peaks. The results are shown
in Table 8.

Table 7 Results of the experiment for identifying micro-cutting forces prediction model parameters in the shearing-dominant regime

Serial number Extended length
L(mm)

Spindle speed
n(r/min)

Axial depth of
cut ap(um)

Feed per tooth
fz(μm/z)

Fx(N) Fy(N) Fz(N)

1 12 69,440 30 0.9 0.2023 0.2546 0.3286

2 12 79,370 35 1.1 0.2579 0.29 0.4309

3 14 59,520 35 0.9 0.1873 0.2268 0.2991

4 14 69,440 15 1.1 0.1538 0.2137 0.3326

5 16 49,600 15 0.9 0.1215 0.1449 0.169

6 16 59,520 20 1.1 0.1556 0.1716 0.2042

7 18 39,680 20 0.9 0.1738 0.1897 0.24

8 18 49,600 25 1.1 0.217 0.2531 0.2516

9 20 39,680 30 1.1 0.1625 0.2281 0.2896

10 20 79,370 25 0.9 0.3511 0.4235 0.4538

Fig. 16 Decomposition of
interference volume in ploughing
area
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Based on data of Tables 7 and 8, cutting forces prediction
model of formula (50) parameters in shear-dominant regime is
solved by least squares estimation method. The results are
Kcc=5.8181×10

3, Kcp=−1.1202×106, Krc=3.6715×10
3,

Krp=−0.6803×106, Kac=7.3409×10
3, and Kap=−1.08258×

106. Experiment results for identifying micro-cutting forces
prediction model parameters in the ploughing-dominant re-
gime are shown in Table 9.

By using model parameter identification method of this sec-
tion, the calculated cutting forces model parameters in
ploughing-dominant regime micro-end milling process are
Kcpp=3.3089×10

6, Krpp=0.4669×10
6, and Kapp=4.5218×10

6.

5.4 Experimental verification and analyses of the cutting
forces prediction model

Cutting forces prediction model during micro-end milling of
nickel-based superalloy process is testified by micro slot-
milling experiment. Experiment conditions are two-edged flat
end milling cutter, radius of milling cutter is 591.4 μm,

rotating speed of shaft is 39,680 r/min, the extended length
of tool is 20 mm, feed rate of each tooth is 1.1 μm,
axial cutting thickness is 35 μm, and run-out calculated
by prediction model of cutting edge run-out built in the
previous section of the paper is 11.65 μm. Measured
cutting forces curve and cutting forces curve predicted
by cutting forces prediction model during slot-milling
process are shown in Fig. 17.

As shown in Fig. 17a, instantaneous cutting force in X
direction predicted by model matches well with experiment
measured values. The change law of the predicted force and
measured force is basically the same. As shown in Fig. 17b,
the predicted cutting force peak values in Y direction match
well with experiment measured peak values, while the main
cutting force peak value of prediction model is a little smaller
than experiment measured value. As shown in Fig. 17c, ex-
cept that instantaneous predicted cutting forces peak values in
Z directionmatch well with experiment measured peak values,
other instantaneous cutting force values of prediction model
are greater than experiment measured values. Judging from

Table 9 Experiment for identifying micro-cutting force prediction model parameters in the ploughing-dominant regime

Serial number Extended length L(mm) Spindle speed n(r/min) Axial depth of cut ap(um) Feed per tooth
fz(μm/z)

Fx(N) Fy(N) Fz(N)

1 12 39,680 15 0.3 0.1214 0.1517 0.1515

2 12 49,600 20 0.5 0.1698 0.1884 0.1876

3 14 39,680 25 0.5 0.1551 0.1676 0.2198

4 14 79,370 20 0.3 0.1806 0.2799 0.3142

5 16 69,440 25 0.3 0.2104 0.2801 0.3274

6 16 79,370 30 0.5 0.2373 0.2635 0.3774

7 18 59,520 30 0.3 0.1867 0.2832 0.2577

8 18 69,440 35 0.5 0.279 0.4538 0.3237

9 20 49,600 35 0.3 0.1578 0.174 0.2744

10 20 59,520 15 0.5 0.1413 0.1548 0.2254

Table 8 Cutting layer area and interference volume in ploughing area

Num. Ac(×10
−5mm2) As(×10

−5mm2) Vc(×10
−8mm3) Vs(×10

−8mm3) Aa(×10
−5mm2) Va(×10

−8mm3)

Acx Acy Asx Asy Vcx Vcy Vsx Vsy

1 1.6469 −1.6686 5.0164 4.8752 2.9421 −3.0545 8.959 8.9214 5.5045 10.687

2 2.3415 −2.3505 7.0953 6.9041 3.2613 −3.3453 9.8786 9.8474 7.79 11.88

3 1.9154 −1.9233 5.804 5.6491 3.3362 −3.4313 10.105 10.07 6.3735 12.152

4 1.0654 −1.0686 3.2275 3.1374 1.4344 −1.4753 4.3449 4.3312 3.5416 4.9256

5 0.8712 −0.8747 2.639 2.5683 1.5102 −1.5532 4.5743 4.5599 2.8975 5.1857

6 1.3911 −1.3831 4.1923 4.0822 1.8466 −1.8816 5.5642 5.5525 4.6041 6.4732

7 1.1273 −1.1419 3.4332 3.3357 1.9913 −2.0673 6.0636 6.0381 3.7666 7.0468

8 1.7045 −1.709 5.1642 5.0186 2.271 −2.3358 6.8791 6.8574 5.6663 8.1239

9 2.0318 −2.0379 6.124 5.9545 2.7792 −2.858 8.374 8.3474 6.7283 9.9991

10 1.4112 −1.3822 4.2306 4.1012 1.8383 −1.8556 5.5101 5.5043 4.6379 6.514
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Fig. 17, valley values of Y and Z direction are greater than
experiment measured values. The reasons of the discrepancies
are comprehensive. The micro-milling force model ignores
some of the factors that may influence cutting force,
such as process damping and vibration of tool and
workpiece. Process damping can reduce cutting force.
Vibration is related to cutting thickness and it will
sharpen the slope of the cutting force’s curve. These
factors of influence will be considered in the future
studies. The other reason is the equipment error, such

as the thermal drift of sensors and environment vibra-
tion. This kind of error cannot be controlled or elimi-
nated completely.

The experiment results verify that dynamic prediction
of variation period of instantaneous cutting forces dur-
ing micro-end milling of nickel-based superalloy process
and peak values can be realized by three-dimensional
dynamic cutting force prediction model during micro-
end milling of nickel-based superalloy that is developed
in this paper.

(a) Forces in X direction

(b) Forces in Y direction

(c) Forces in Z direction

Fig. 17 Experimental
verification of three-dimensional
dynamic cutting forces model. a
Forces in X direction; b forces in
Y direction
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6 Conclusions

Based on the self-developed micro CNC milling machine,
micro-milling groove orthogonal experiments are conducted
to research on the cutting force during micro-milling the typ-
ical difficult-to-cut material Inconel718. Firstly, micro-milling
hole experiments are carried out to research on the influence
principle of extended length of cutter and spindle speed on the
radial run-out of cutting edge. And the radical run-out predic-
tion model of cutting edge is established according to exper-
iment results, which lays the foundation for establishing the
cutting thickness calculation model during micro-end milling.
Secondly, the nominal cutting thickness calculation model
during micro-end milling is established, with the consider-
ation of the influence of trochoidal trajectory and radial run-
out of cutting edge. In addition, the cumulative cutting thick-
ness calculation model during actual cutting process is in-
ferred, with the consideration of effects of single tooth cutting
phenomenon and minimum cutting thickness phenomenon
during micro-end milling process, which lays the foundation
for establishing the three-dimensional dynamic cutting force
prediction model. Thirdly, based on the minimum cutting
thickness value, micro-end milling of nickel-based superalloy
process is divided into two different cutting processes: shear-
dominant regime cutting process and ploughing-dominant re-
gime cutting process. Moreover, cutting force prediction mod-
el during shear-dominant regime cutting process is developed
based on the cutting force in proportion to cutting layer area,
which takes the effect of ploughing into account. Meanwhile,
cutting force prediction model during ploughing-dominant re-
gime cutting process is developed based on the cutting force in
proportion to interference volume between the flank surface of
cutting tool and the workpiece. The experiment results verify
that the cutting forces prediction results and experiment results
are well matched.
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