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Abstract n view of the influence of cutting heat and cutting
force on the machining precision of micro-machining, this
paper carries out micro-milling temperature measurements
and deformation measurement tests based on the theoretical
model of temperature field distribution of workpiece and the
simulation model of workpiece deformation, providing tech-
nical basis for the high-precision machining of precision mi-
cro-parts. A theoretical model for the description of the in-
crease in the cutting temperature of the workpiece is
established prior to using an inverse evaluation method for
solving the heat source intensity iteratively. During the finite
element analysis of the distribution of the temperature field
and heat distortion, the process of the heat transfer is simpli-
fied as a process of applying a series surface heat source to
workpiece. Besides, this paper carried on a series of micro-
milling experiments, used a fast-response thermocouple
which has a property of self-renewal for the measurement of
the change of the workpiece temperature, the response time of
the applied thermocouple is within the magnitude of micro-
second, and then, a high-frequency amplifier and an electric
potential acquisition equipment were used to gain the transient
temperature in the cutting area; meanwhile, a dynamometer is
applied to measure the three-directional forces, and finally, the
workpiece deformation would be measured by the Keyence
microscope. Through the comparison of the simulated
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temperature and deformation with the experimental results,
the simulation model showed considerable reliability.

Keywords Micro-milling - Machining precision - Heatsource
method - Workpiece deformation - Prediction model

Nomenclature

0 Temperature rise function

q» Heat source intensity

k Thermal conductivity

/ Heat source width

a Temperature coefficient

vy Heat source velocity

Ky  Zero order second modified Bessel function

X X coordinates of any point
y Y coordinates of any point
Z Z coordinates of any point
X, X point coordinates on the heat source

Y Y point coordinates on the heat source

7z,  Z point coordinates on the heat source

X X coordinates of a point on the workpiece

Y Y coordinates of a point on the workpiece

Z  Z coordinates of a point on the workpiece

t Milling time

D Distance from the temperature measuring point to the
heat source

0,  The temperature model of the shear surface heat source

0y  The temperature model of the mirror heat source

qs  Shear surface heat sources

g,/ Mirror heat source

€ The coangle of the shear angle

1 The number of measuring points

T, The i point’s predicted temperature of time 7,

Y,, The i point’s measured temperature of time ¢,,
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1 Introduction

Currently, an increasing number of micro-parts and micro-
components are being widely used in various fields including
biomedical engineering, instrument manufacturing, acrospace
engineering, and micro-robotics. The micro-miniaturization of
products has become a significant developing direction of
modern manufacturing industry and moreover micro-cutting
technology has become a research hotspot [1-3]. In order to
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Fig. 2 Schematic diagram of shear plane heat source
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reveal the difference in mechanism between micro- and mac-
ro-cutting, many scholars have conducted studies on the
micro-cutting [4-8].

Cutting heat and cutting force directly affect the wear and
service life of the tool, thereby affecting the machining ac-
curacy and surface quality of the workpiece. The error
caused by thermal deformation has reached 50% of the total
manufacturing error of modern machine tools, so it is sig-
nificant to study on the generation and variation of cutting
heat [9, 10]. In view of the cutting heat in the milling pro-
cess, scholars have carried out a series of research. Li et al.
[11] aimed at shear surface deformation heat source and tool
flank wear heat source established the temperature variation
model of the workpiece by mathematical method.
According to Grzesik et al. [12], that the friction of tool-
chip contact area is the most important factor of cutting
temperature. Jiang et al. [13] studied on the changes of tool
and workpiece temperature in 1045 steel intermittent
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Fig. 3 The prediction model of shear angle

milling, thereby basing on heat source method and inverse
method analyzed the effect of milling depth and tool-chip
contact length on temperature variation. Carvalho et al. [14]
analyzed the influence of cutting parameters on cutting edge

Fig. 4 Flow chart of simulation
analysis

temperature field by applying the inverse heat conduction
method. Rai et al. [15] made use of the ANSYS sequential
thermal-mechanical coupling method to simulate the char-
acteristics of cavity, groove, and ladder. Lazoglu et al. [16]
simulated the temperature distribution of workpiece and cut-
ter contact surface in the milling process. Yang et al. [17]
obtained the temperature variation curve of the milling pro-
cess through finite element simulation; furthermore, during
the milling process, the temperature of titanium alloy was
measured by means of semi-artificial thermocouple. Hsu
et al. [18] studied the properties of machining MAR-M247
nickel-based superalloy combined ultrasonic vibration with
high-temperature-aided cutting. The Taguchi experimental
design was adopted to identify the influence of machining
parameters on the machining characteristics. Aimed at the
cutting temperature Salomon curve which appeared in high-
speed milling, Zhang et al. [19] revealed the effect of cutting
speed on the cutting temperature by combining the
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Table 1  Simulation material parameters
Density Elastic ~ Poisson Thermal Specific Average
(kg/m®) modulus  ratio conductivity heat coefficient
(GPa) (W/(m °C))  (J/(kg °C)) of thermal
expansion
(10°° nv
OC)
7760 196 0.29 11.9 472 18.8

analytical method, finite element simulation, and experi-
mental measurement. Luo et al. [20] established the finite
element model of thermo-mechanical coupling, by that, ex-
plored the effect of cutting parameters on the cutting tem-
perature field distribution. Tang et al. [21] constructed the
instantaneous milling force model, the milling thermal mod-
el, and the material constitutive model; these models
succeeded to predict the deformation of the workpiece under
the milling force and milling heat. Liu et al. [22] measured
the temperature of the milling cutter blade in the milling
process by using embedded thermocouple, thereby
established the corresponding theoretical calculation model
and the finite element simulation model. Richardson et al.
[23] measured the instantaneous temperature of circumfer-
ential milling utilizing a fast-response semi-artificial ther-
mocouple. Kaminise et al. [24] studied on the influence of
cutter holder on turning temperature by using a semi-
artificial thermocouple. In order to verify the validity of
the theoretical model of the temperature field and observe
trend that the workpiece temperature varies with the cutting
speed, Zhang et al. [19] designed several high-speed milling
experiments, measured the temperature of a certain point on
the machined surface using a thermocouple, and finally ob-
tained the heat source intensity through the inverse method.
Chen et al. [25] carried out simulation modeling research
and experiments about the temperature change of micro-
cutting tool and the workpiece next turned out that the error
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Fig. 5 Temperature field nephogram
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between simulation modeling and experiment was within
the ideal range. It could be concluded from Rahman et al.
[26-29] that cutting fluids posed serious health and environ-
mental hazards and applying cutting fluid had little effect on
the heat of the plastic deformation slip shear zone during
cutting process.

The aforementioned studies have used different methods to
study the effect of milling heat and milling force on the work-
piece deformation, but most of them are conducted under the
conventional cutting conditions. Based on previous studies,
this paper carried out a series of innovative research on mi-
cro-milling. Organization for the remainder of this paper is as
follows: firstly, a theoretical model of the temperature field is
established, based on which the predictions and simulations of
the micro-milling temperature and deformation are discussed
in Section 2. In Section 3, a number of cutting experiments
with altering milling parameters (spindle speed, feed rate, cut-
ting depth) are carried out by using end milling cutters with a
diameter of 2 mm,; thereafter, the experimental results are an-
alyzed and discussed in Section 4. Finally, conclusions drawn
from this research are given in Section 5. The general structure
scheme of this article is presented as shown in (Fig. 1).

2 Temperature field prediction model
2.1 Theoretical model of temperature rise

During the milling process, the cutting heat is mainly located
in three regions: the plastic deformation slip shear zone, the
zone between tool rake face and chip, and the zone of ma-
chined surface affected by the friction and extrusion of the
flank. The first deformation zone is the main source of cutting
heat, because it produces a large amount of shear deformation
energy. The second deformation zone has a negligible influ-
ence on the workpiece temperature field, because the heat
mainly transfers into the chip. In addition, the friction heat
between tool flank and workpiece caused by micro-cutting
can also be ignored.

For a heat source with a certain shape, size, and under a
definite dynamic situation, the heat source method could solve
the problem of understanding the effect of heat source on heat-
transfer medium more directly. During the milling process, the
temperature model of a planar strip heat source moving in a
semi-infinite solid could be given by Hou and Jaeger [30]:

Gt o0k vy
g =Infl =k [-— }dx
Wk'(oe : 124 a

In the formula, D is the distance from the temperature mea-

2
suring point to the heat source, D = \/ (x—xq)2 + (y—yq) ,

and K, is zero order second modified Bessel function.
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Fig. 6 Deformation field nephogram

The coordinate system is shown in Fig. 2. A boundary
point of unfinished workpiece as the origin of static coordinate
system, the intersection between the shear surface and the
surface to be machined on the side of the workpiece as the
origin of coordinate system, feed direction as positive direc-
tion of X axis, milling depth direction as direction of Y axis,
milling width direction as direction of Z axis. The Y and Z
coordinates are the same between the two coordinate systems,
the relation of X coordinate system is X=x— v and ¢ is mill-
ing time.

In the actual milling process, during which no coolant is
applied, it can be assumed the workpiece to be adiabatic since
the convection heat transfer coefficient between the workpiece
and the surrounding air is very small. Aimed at the machined,

(b)

Fig. 7 a Thermocouple. b End milling cutter. ¢ Schematic diagram of workpiece

the front and the back surface, using the method of mirror heat
source, the temperature model of the shear surface heat source
and its mirror heat source can be obtained:

4, 0 (o prxq )y vr 5 X, \2
b =L e T Ko |25y | (Xovyi) (Y+tar(:s> d,,

' . / / 2
A (vp= ) vy N\ 2 X,
0. =L e Ko |20 (v ) + (=) |y

In the formula, € is the complement angle of the shear
angle which can be predicted accurately by applying the
finite element simulation model (as shown in Fig. 3).
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Table 2 Thermocouple parameters

Table 4  The chemical composition of 06Cr25Ni20

Model Probe Measuring Thermometric ~ Response
size range accuracy time
E12-3-K-U ¢3.175x101.6 0-1350 °C  0.25% 20 ps

Based on the inverse method [31], the heat source in-
tensity (g,,) can be easily and accurately calculated. First,
using the least square method, the relation about heat
source intensity and temperature (75, is

f(('Im) = ZL](Yim_Tim)z

In the formula, 7 is the number of measuring points, 7}, is
the predicted temperature of point 7 at time ¢,,, and Y;,,, is the
measured temperature of point i at time #,,. Then, finding
derivatives of the aforementioned formula, ¢,, could be ob-
tained:

21{:1 (Yim_Tim‘qm:O)(bim
Zz(:l qbzzm

In the formula, ¢,,, is the sensitivity coefficient and can be
obtained:

qm =

Tim - Tim|qm:0 + ¢zmqm

2.2 Finite element prediction model of temperature field

Based on the theoretical model of temperature rise, the finite
element model of temperature field and thermal deformation
can be established using the finite element software
ABAQUS. As is well known, cutting force and cutting heat
interrelate during the milling: first, shear slip and plastic de-
formation would occur in cutting area due to the cutting force;
next, in the cutting area, temperature rises in result of which
the work of the plastic deformation and the friction turn into
heat, thereby causing thermal strain and then softening the
material; furthermore, force cutting the softened material
would become smaller than before and causing work to be
reduced, thus turning out less heat; finally, the material would
be hard and more force would be need. In a word, there is a

Table 3  Tool parameters

Tool material ~ Diameter Number Helix Cutting edge
of cutting angle radius
edges
Cemented 2 mm 3 45° 5.28 um
carbide

@ Springer

Chemical element C Si  Mn P S Ni Cr

Content/% 0.1 1.5 2.0 0.045 0.015 19.0-22.0 24.0-26.0

complex temperature field and stress field in the milling pro-
cess, it is a typical thermal-mechanical coupling problem. The
thermal-mechanical coupling model, established by
ABAQUS, could predict and analyze the temperature field
and the deformation field. The flow chart of the simulation
analysis is shown in Fig. 4.

The material parameters in simulation analysis is shown in
Table 1, and eight-node hexahedron thermal coupling reduc-
ing integral unit (C3D8RT) has been chosen for the model
unit. Some of the advantages the unit include the following:
the solving of the thermal-mechanical coupling problem; the
freedom of displacement and temperature; it could get better
calculation accuracy compared to tetrahedron element in a
complex stress environment. In an actual installation, the
workpiece is fixed on the special fixture, and the fixture is
connected to the Kistler dynamometer by screws, so six de-
grees of freedom constraints are exerted at the bottom of the
workpiece in the simulation analysis. In addition, the temper-
ature field is set to be adiabatic because of dry cutting. In order
to simplify the model and improve the reliability of the pre-
dicted value, the maximum surface heat source is applied to
the finite element model and kept constant.

2.3 Simulation result

As shown in Fig. 5, during the simulation process, the tem-
perature change is mainly concentrated in the workpiece pro-
cessing area (adjacent to the trajectory region of tool rotation).
When milling, the heat generated and transferred into the
workpiece will result in a rapid rise of temperature. The tem-
perature of workpiece will rise continuously during the whole
milling process. When the milling finishes, the heat source
load and force load are removed, the temperature of the work-
piece gradually decreases to the initial ambient temperature.
As shown in Fig. 6, during the simulation process, the
workpiece deformation, same as the temperature change, is
mainly concentrated in the processing area. During milling,
shear slip and plastic deformation would occur on the work-
piece under thermal-mechanical coupling and the deformation
continuously changes during the whole milling process. When
the milling finishes, elastic plastic recovery, finally stable
within a certain range, would occur on the workpiece.
According to the finite element simulation, given specific pa-
rameters (Spindle speed 8000 r/min, feed rate 20 mm/min,
cutting depth 0.2 mm), it can be predicted that the maximum
deformation value of groove width is 49.095 pum.
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Fig. 8 Experimental platform and measurement platform

3 Micro-milling experiments
3.1 Thermocouple and cutting tool

In order to obtain a more accurate temperature of the machining
region, a special fast-response thermocouple NANMACTM,
type E12), shown in Fig. 7a, is used in the experiments. The
thermocouple has two distinct advantages: the probe of the ther-
mocouple can be made of any machinable materials for matching
the thermal characteristics of the workpiece and its response
speed is higher than that of a general thermocouple, which could
measure temperature variation, from 20 to 245 °C, in 8 pus.

Carbide cutting tools are widely used in the metal cutting of
high-hardness materials in a large temperature range, in the
experiments, as shown in Fig. 7b, the diameter of the tool is 2.
The parameters of the thermocouple and the tool are shown in
Tables 2 and 3.

3.2 Work material

The workpiece material chosen for this study is a heat-
resistant stainless steel 06Cr25Ni20, a kind of austenitic

Table 5 Experimental conditions of milling tests with changing
parameters

No. n (r/min) f (mm/min) a,, (mm) V.. (m/s)
1 5000 20 0.2 0.52
2 8000 20 0.2 0.84
3 10,000 20 0.2 1.05
4 12,000 20 0.2 1.26
5 10,000 15 0.2 1.05
6 10,000 20 0.2 1.05
7 10,000 25 0.2 1.05
8 10,000 30 0.2 1.05

hermcouple

~ Micro groove |

| Temperature
' collecting =

stainless steel which has a good oxidation resistance and cor-
rosion resistance. Moreover, high content of chromium and
nickel gives it high creep strength and a good resistance to
high temperature. It is commonly used in petroleum, electron-
ics, chemical, pharmaceutical, textile, aerospace, and other
fields. Figure 7¢ shows the specific size and shape of the
workpiece, with the objective of accurately measuring the
temperature, Table 4 lists the chemical composition of this
material.

3.3 Experimental set-up and design

Milling experiments are conducted in DMU 80 mono
BLOCK milling center; during the cutting tests, dry cutting
operation has been adopted. Because other factors have less
influence on the results in dry cutting which is very suitable
for the research of cutting force or cutting heat, the workpiece
is fixed indirectly on a Kistler 9257B type three-component
piezoelectric dynamometer, with the purpose of realizing real-
time record of cutting force during the cutting. The cutting
heat is measured by the thermocouple for obtaining the instan-
taneous temperature of cutting area. The configuration of the
experimental set-up in machine tool is shown in Fig. 8.

In order to reduce the influence of tool wear on the cutting
force and cutting heat, for each experiment, a separate tool
was used. Since the effect of spindle speed and feed rate on
cutting force and cutting heat is higher than that of cutting
depth, the material removal rate needs to be precisely con-
trolled; the experimental designs are shown in Table 5 (cutting
depth is 0.2 mm). The effect of thermal-mechanical coupling
on the deformation of workpiece is studied by two groups of
single-factor experiments: group 1 is test nos. 1 to 4 about
variable spindle speed with the same material removal rate
and group 2 is test nos. 5 to § about variable feed rate with
the different material removal rate.

@ Springer
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temperature

3.4 Micro-milling workpiece temperature measurement

The instantaneous temperature (test no. 7) can be measured
and predicted as shown in Fig. 9. With the intention of
collecting an integral set of information, the temperature
is measured before the tool starts cutting. As shown in
Fig. 9a, in the actual cutting, the ambient temperature is
about 20 °C. After 10 s, milling groove starts and work-
piece temperature continues to rise, until the maximum
temperature increases (57 °C) in 72 s. Finally, the work-
piece would naturally cool in the air after the tool finishes
cutting. In theory, the time required to mill the groove is
31.2 s, but it takes 54 s for the workpiece to increase tem-
perature from the room temperature up to the maximum
temperature. This could be reasoned that in an environment
with a temperature range between 20 and 100 °C, the
workpiece material is a heat-resistant stainless steel whose
thermal conductivity is only 12 W/(m °C), less than 1/10

Il Measure temperature [ Calculated temperature
45 W Heat flux 20

Heat flux (106 W/m’)

Temperature (C)

05 10 15 20 25
Time (s)

Fig. 10 Numerical results of heat flux

30 35 40 45 50 55
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compared to 7075 aluminum alloy, causing the workpiece
temperature rise to need more time than the milling pro-
cess. In addition, the performance of the temperature mea-
surement system also has a certain impact on the experi-
mental results. Additionally, the temperature is lower than
considered; it can be concluded that heat produced is lower
in micro-cutting, and most of the heat is directly trans-
ferred into the air; furthermore, the thermocouple is rela-
tively far away from the workpiece surface. In addition, the
temperatures of measured and predicted instantaneous are
in good agreement (variation trend and maximum value) as
shown in Fig. 9a, b.

In Fig. 9a, most of the temperature data points are concen-
trated around the curve, but there still are some points far from
the curve. The workpiece temperature does not suddenly be-
come higher but when the temperature signal is converted into
an analog signal of the thermal potential, this signal is often
doped with other interfering signals; in other words, the noise
filtering capacity of acquisition device is limited.

4 Spindle speed: 8000r/min 4

Cutting depth: 0.2mm
50

Experimental temperature
Calculated temperature
Simulation temperature
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45 77— S p—

40 —
35 7

— A NN k%
L] XX 0
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Maximum temperature ('C)
Heat flux  (10°6W/m’)
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Fig. 11 Simulation-experimental-calculation temperature
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Fig. 12 The cutting temperature 65
change of workpiece under
different spindle speed
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4 Experimental results and analysis
4.1 Analysis of temperature field prediction model

It is convenient to establish the instantaneous temperature in-
cremental model by using the method of moving heat source,
and the numerical calculation based on MATLAB pro-
gramming simplifies the calculation process. In compar-
ison to the instantaneous temperature rise curve of the
workpiece, at n = 10,000 r/min and f = 25 mm/min, the
temperature and surface heat source intensity values are
obtained through the numerical calculation, which are
shown in Fig. 10. As it can be seen, the calculated

Fig. 13 The cutting temperature
change of workpiece under 30 -
different feed rate
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temperature and the measured temperature are in good
agreement proving the correctness of this method.

The comparison of the measured and the calculated
maximum temperature of the workpiece at different feed
rates (at n = 8000 r/min) are shown in Fig. 11. As it can
be seen, the measured cutting temperature is very low. It
is because the stainless steel 06Cr25Ni20 is difficult to
machine, the feed rate is adjusted to a very small value
to protect the cutting tool. And the micro-cutting param-
eters are also very small, so the removal of material is
very small, resulting in little cutting heat. The measure-
ment of the cutting temperature is also affected by a series
of factors such as the high thermal conductivity of the

—=—Fx

—*—Fy

F(N)

time (s)

4000

6000 8000 10000
Spindle speed (r/min)
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--m-- Measured temperature
--@-- Predicted temperature
--A-- Simulated temperature
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Fig. 14 The cutting force under different spindle speed
workpiece material and the distance between the thermo- feed rate, and in the end, the cutting time decreases as the feed

couple and the processing area. The measured temperature  rate increases.
is used to calculate the sensitivity coefficient of the mod-

el. The calculated temperature, the measured temperature, 4.2 Influence of cutting parameters on workpiece

and the simulated temperatures are in good agreement. temperature
The cutting temperature increases at the beginning and de-

creases in the end with the increasing feed rate. It is because at ~ In order to study the influence of spindle speed on the cutting
the beginning, the cutting forces increases with the increasing  temperature, several experiments are carried out (test nos. 1 to
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Fig. 16 Schematic diagram of
the workpiece deformation

External side S2

4). The layer to be removed is 2 mm and the total cutting time
(four experiments) is about 20 min. The approximate
temperature-rising curve is obtained by fitting, and the tem-
perature of the workpiece is represented by the maximum
temperature in the effective cutting time corresponding to
the cutting parameters. The measured, the calculated, and
the predicted cutting temperatures of the workpiece are
shown in Fig. 12. As it can be seen, the cutting tempera-
ture increases as the spindle speed increases, which is
because when the chip flows along the rake face and the
bottom of the chip and the rake face have a strong fric-
tion, generating a lot of heat, and the friction heat is gen-
erated at the bottom of the thin chip. An interception in
the chips is taken as a unit to investigate, where the fric-
tion heat is generated and conducted from side to side
when the chip flows through the rake face. If the cutting
speed is too large, the friction heat generated too fast to be
transmitted to the cutting chip and the tool, resulting in

Fig. 17 The influence of spindle
speed on the deformation value of
the workpiece

2050 —
2040 —
2030 —
2020 —

2010

Groove width (um)

2000

Groove side S1

S1 Ideal position

Groove side S4

accumulation in the bottom of the chip. In addition, with
the cutting speed increasing, the amount of metal removal
increases proportionally to unit time, and the power con-
sumption increases; as a result the cutting heat will in-
crease. But with the cutting speed increasing, the specific
cutting force and the specific cutting power are reduced as
shown in Fig. 13, thus causing the cutting heat and cutting
temperature not to increase proportionally to the cutting
speed.

In order to study the influence of feed speed on the cutting
temperature, several experiments are carried out (test nos. 5 to
8). Corresponding to the cutting parameters, the temperature
of the workpiece is represented by the maximum temperature
within the effective cutting time. The measured, the calculat-
ed, and the predicted cutting temperatures of the workpiece
are shown in Fig. 14. As it can be seen, at the beginning, the
cutting temperature increases with the increasing feed speed,
due to increase in the removed material per unit time. But in
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Fig. 18 The influence of feed 2030 4 »
rate on the deformation value of -4~ -Position 1 value
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the end, the cutting temperature decreases with the increasing
feed speed, which is because the specific cutting force and the
specific cutting power decrease (as shown in Fig. 15), and the
cutting time also decreases.

4.3 Analysis of workpiece deformation in micro-milling

In order to study the influencing factors and the variation rules
of the workpiece deformation during micro-milling, the defor-
mation value (D value of the ideal value and measured value)
of'the groove side S1 is measured by the Keyence microscope.
Firstly, the external side S2 of the workpiece is finished before
milling groove in order to ensure the accuracy of the defor-
mation value, and then the whole groove is machined when
the workpiece is cooling. Finally, the groove depth is studied
by selecting five positions to measure the width (d) (as Fig. 16
shows), and taking the mean value as the nominal width of the
groove.

In theory, the width is 2000 pm, and the rules of deforma-
tion value are shown in Figs. 17 and 18. According to Fig. 17
(the measurements of the test nos. 1 to 4), the deformation
range is from 25 to 40 pum; it does not increase or decrease
with the increase of spindle speed, but when speed is 8000 1/
min, it has a maximum value called “inflection point” in this

Fig. 19 Deformation with the
increase of spindle speed and feed

rate . L .
> A

- -

o< A

Feed rate (mm/min)

paper. As shown in Fig. 18 (the measurements of the test nos.
5 t0.8), the deformation range is from — 5 to 20 pwm,;it does not
increase or decrease with the increase of feed rate, but when
feed is 25 mm/min, it has a maximum value.

As aforementioned, an “inflection point” can be observed
from both the speed and feed experiments, which manifests a
significant difference between macro- and micro-milling. It
could be explained that the maximum deformation appears
as a result of thermo increases but also due to the force in-
creases. Actually, force is indirectly influenced by heat; tem-
perature rise leads to the reduction of friction coefficient and
deformation coefficient, thereby reducing the force. When
over M, the specific cutting force and the specific cutting
power decrease, and heat decreases too. The change of the
deformation could be illustrated by Fig. 19: when reaching a
certain value L (spindle speed or feed rate), the effect of force
is greater than that of heat, there is an increasing tendency of
deformation; above this limit of Z, heat would play a leading
role while deformation still increases; and when increases to
M, the deformation decreases.

For a single groove, the dimension of the five positions is
shown in Fig. 20 (under different spindle speed) and Fig. 21
(under different feed rate). It could be seen from position 1 to
position 5 that the size of the groove is gradually reduced. In
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Fig. 20 The deformation value of five positions under different spindle
speed

addition, the influence of the spindle speed is greater than that
of the feed rate. During the milling process, each groove is
machined ten times (with each cutting depth 0.2 mm, the
accumulated depth of groove is 2 mm). For each groove, it
is machined the most times at position 1, second most at po-
sition 2, and least at position 5 In theory, each machining is not
affected by the next, but due to the force and heat, more ma-
terial will be removed during the next machining session.
Thus, accounting for size, the upper width of the groove is
larger than that of the lower.

5 Conclusions

In this paper, based on the theoretical model of the tempera-
ture field, the temperature and the deformation effected by
thermo-mechanical coupling are predicted and simulated;
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Fig. 21 The deformation value of five positions under different feed rate

then, a series of new design micro-milling experiments are
carried out with the purpose of verifying the accuracy of the
prediction. In terms of the presented results and discussions
above, important conclusions can be drawn as follows:

(1) The calculated, the measured, and the simulated temper-
atures are in good agreement, which proves the correct-
ness of the theoretical model of temperature rise and the
temperature measurement method.

(2) The spindle speed and feed rate have a great influence on
the temperature. As the spindle speed increases, the tem-
perature rises disproportionally; as the feed rate in-
creases, the temperature initially increases but ultimately
decreases.

(3) The spindle speed and feed rate have a significant impact
on the deformation. The deformation does not increase
or decrease with the increase of spindle speed or feed
rate. However, when the spindle speed is 8000 r/min or
feed rate is 25 mm/min, the deformation has a maximum
value called “inflection point,” which is caused by
thermal-mechanical coupling.

(4) When the rate of material removal is same, higher
spindle speed is better for reducing deformation.
When the spindle speed is same, higher material
removal rate (feed rate) is better for reducing de-
formation. In order to improve the machining effi-
ciency, selecting high spindle speed and feed rate
has a great significance on promoting the work-
piece quality in micro-milling.
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