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Abstract

Hierarchical micro-structures are composed of a primary micro-structure and secondary micro V-grooves (SMVGs) cut by
the UPRM one-step method. The key problem is the existence of burrs and plastic deformation of the top of SMVGs
during the fly cutting process. This paper presents a study of the burr and deformation information introduced by one-step
cutting operation in ultra-precision raster milling (UPRM). A series of experiments was carried out to investigate the
effect of cutting conditions on the quality of hierarchical micro-structures by the one-step cutting method. A single point
diamond tool with a 40° tool angle was employed to perform the one-step cutting operation in UPRM. Hierarchical micro-
structures were produced on copper material successfully. Large burrs and plastic deformation were formed when cutting
with a fixed tool angle. These large burrs and deformation were found to be induced by cutting force and cutting
parameters. It was found that large burrs are formed with an increase of the cutting depth, feed rate, and spindle speed;
the plastic deformations become serious with an increase of the cutting depth and feed rate, but are reduced with a
decrease of spindle speed. An experimental study was established to investigate cutting force as a function of the cutting
conditions in relation to micro-burr formation in machining, and explore the problems associated with one-step fly cutting
in UPRM. The mechanisms of burrs and plastic deformation of SMVGs are discussed to further improve the machining
process.
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1 Introduction

In the field of heat transfer enhancement, compared to the
other single-level micro-structures in a micro heat ex-
changer, the hierarchical ribs with asymmetric arc geome-
try and attached SMVG minimize the pressure drop as well
as further enhance the heat transfer [1, 2]. SMVGs are
important features in increasing the wet area and generat-
ing turbulence near the internal wall of a micro heat ex-
changer as shown in Fig. 1.

Burrs left on the top of micro-grooves are extremely harm-
ful to the performance of the enhancement of heat exchange,
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due to burrs blocking the valley of V-grooves [3]. In fabrica-
tion, burrs also greatly influence the machined surface. In
addition, burrs also cause tool wear due to hitting the cutting
edge, which results in tool wear. This groove wear, in turn,
accelerates burr growth [4].

Since burrs and deformation are always associated with
micro-groove machining, many deburring methods have been
investigated in micro cutting processing. Liu et al. [5] devel-
oped a model which considers two-dimensional (2D) defor-
mation of burrs fully formed by cutting a ductile work mate-
rial, so that all forces are considered to be distributed per unit
width. The effects of the cutting parameters were studied and
cutting strategies of burr minimization are discussed. The pro-
posed minimization was achieved by optimizing the cutting
conditions, such as cutting speed (Vc), feed per tooth (f,), and
depth of cut (DoC) [6, 7].

The effect of the tool rake angle, workpiece angle and
under formed chip thickness on burr dimensions was studied
in experiments. The experiments showed that the size of the
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minimum chip thickness has a great influence on the cutting
process [8—10]. Burr formation is more complicated when
compared to macro cutting. Bissacco [11] and Schueler [12]
reported that the top burr size is large in micro-milling due to
the size effect.

Some previous studies have focused on the surface gen-
eration of UPRM taking cutting force into consideration.
To et al. [13] developed a cutting force model to predict the
cutting force components both in the feed direction and
thrust direction, and a dynamic model was developed to
simulate the free vibration signal induced by the cutting
force pulse. Parsa et al. [14] proposed that material spring
back is the main source of normal force in the orthogonal
cutting process. Wang et al. [4] developed a cutting force
model based upon the characteristics of the force system
and tool geometry, in which the forces acting on the rake
face, the cutting edge, and the clearance face of the dia-
mond tool were investigated. However, there has been a
lack of comprehensive investigation of the process factors
affecting the quality of SMVGs by one-step cutting. As a
result, there is a need for analysis of the effect of the cut-
ting factors and the cutting force on the SMVG generation
in UPRM. In addition, the relationship between the cutting
conditions and cutting force need to be established.

The hierarchical structure features a first-order asym-
metric arc rib imposed by SMVGs. Compared to the con-
ventional micro-groove machining method, the hierarchi-
cal structure is more complex. The high-quality profile of
the first-order structures is required as well as SMVGs.
Especially, in order to improve the efficiency of genera-
tion, the one-step machining method is employed, which
requires that both the first- and second-order structures be
completed simultaneously. Guo et al. applied vibration-
induced micro-textures to generate hierarchical structures
in a one-step machining process. Elliptical vibrations were
used to generate the first-order micro-channels in a groov-
ing operation. The second-order textures were simulta-
neously formed by the overlapping tool trajectories in con-
secutive vibration cycles. The required wavelength of the
second-order micro-textures was determined by the nomi-
nal feed velocity [15]. To et al. proposed a virtual spindle-
based tool servo diamond turning method to effectively
generate second-order discontinuous arrays on freeform
surfaces. During the machining process, the first-order
freeform surface is generated by essentially splicing the
secondary micro-structures obtained through the virtual
spindle-based tool servo diamond turning [16]. However,
the existing generation methods for hierarchical structures
are still limited in terms of discussion of the quality of
second-order micro/nano-structures, such as burr informa-
tion and deformation.In this paper, studies of cutting pa-
rameters on the quality of SMVGs fabricated by the one-
step process in UPRM processing are considered. Also,
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Fig. 1 Photographs of (a) a heat exchanger with a detachable bottom
plate; (b) the hierarchical micro-structure in cross-sectional view; and
(c) the SMVGs of a hierarchical micro-structures in the enlarged view [2]

(c) Enlarged Photo

through analysis of the cutting parameters such as depth
of cut, spindle speed, and feed rate, a dynamic model to
relate the burrs and deformation induced by cutting force
was established and the relationship between the cutting
factors and cutting force investigated. A series of cutting
experiments was conducted to estimate the cutting force
effect on the quality of SMVGs. The results can be used
to explain the basic mechanism of burrs and deformation
during the cutting process.

2 Experimental setup

In this study, a series of cutting experiments was carried out.
Figure 2 shows a Freeform 705G (Precitech Inc., USA), which
was used to fabricate the non-rotational symmetric structure
with a nanometer surface finish and submicron form error

Fig. 2 Freeform 705G ultra-precision machine and five axes of the
machine tool
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Fig.3 The mechanism of'the volume of removal material for each cutting
step

without any further polishing. Regarding the linear axis and
spindle motion of the machine, there are three linear axis (X,
Y, Z) movements and two rotational axis (B, C) movements.
The diamond tool is attached to the spindle. The workpiece is
clamped on the fixture and follows the linear motion along the
Y-axis and rotational motion. The machine performs high-
accuracy for three-dimensional milling, grinding, and two-
axis turning.

The mechanism of surface generation by ultra-precision
raster milling has been discussed in previous papers [3].

The mechanism of each cutting step for generation of
micro-grooves is shown in Fig. 3. The red characters (i.e.,
Ty, T,...T,) represent the order of the cutting steps with a
given cutting depth of ¢, and the subscript n is for cutting
times to generate a desired depth of groove. Based on the
relationship of step distance w, desired micro-groove distance
d and cutting tool angle «, there are three situations of hori-
zontal cutting. The ideal depth of desired micro-grooves can
be calculated by:

W:Zdtan% (1)

where d is the desired depth of micro-grooves, w is the step
distance, and « is the tool angle. In the cutting process, the
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Table 1 Major cutting parameters in UPRM machining experiments
Feed rate f° Spindle Depth Swing Tool
speed w of cutd radius R angle
50 mm/min 2000 rpm 2 pum 25.3 mm 40°
100 mm/min 4000 rpm 5 um
150 mm/min 6000 rpm 8 um

tool angle o does not change. According to Eq. (1), if the step
distance w is kept constant, the depth of SMVGs is always a
constant value.

The experiments conducted in the present study further
validate the effect of the machining parameters and cutting
strategy on the quality of SMVGs. In this paper, three main
machining parameters for ultra-precision raster milling are
discussed, which are cutting depth (d: um), feed rate (f: mm/
min), and spindle speed (w: rpm).

2.1 Cutting force modeling

Examples of the machined cross-section of hierarchical struc-
tures and cutting force model are given in Fig. 4. The SMVGs
overlap on the first-order asymmetric rib surface as shown in
the Fig. 4a. These surface features greatly contribute to the
enhancement of the heat transfer rate and minimization of
the pressure drop in channel flow.

In UPRM, the diamond tool rotates circularly around the
spindle axis of the machine tool. When taking the diamond
tool as the research object in the cutting process, it is found
that the diamond tool suffer from several force components
during the cutting process. Because the purpose of this paper
is to study the effect of cutting force on the plastic deformation

— — . .
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\

7
D

\

Fig. 4 The hierarchical structures. (a) SEM photo of a cross-section of a micro-groove cut by a sharp diamond tool, (b) schematic illustration of cutting

force components in horizontal and vertical directions
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Fig. 5 Flow chart of the
measurement of cutting force in
UPRM

Freeform 705G

Cutting force

of SMVGs, to easily establish the cutting force model for this
research, only the component of the cutting force in the radial
direction is considered.

The cutting process is schematically illustrated in Fig. 4b,
where F), is the cutting forces perpendicular to the surface
during groove formation, the force components F,, and F;
are in the radial direction and thrust direction, respectively.
The relationship is:

@

Fr = Fp cos
r p 2

where « is the cutting tool angle.
When the diamond tool cuts the material in a groove, the
workpiece material slides along its shear plane forming chips

Fig. 6 The force signal of one 0.6

period of the cutting process in
UPRM
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along the rake face of the cutting tool and the F), acts on the
two sides of the groove wall. With the increase of diamond
tool cutting and increase of material removal, the two edges of
the diamond tool increase the pressure on both cutting sur-
faces in a groove. When the pressure reaches the yield of the
material, the walls of the micro-grooves will deform plastical-
ly. However, the deformations of the two surfaces of a micro-
groove are asymmetrical. As one side of a micro-groove is the
finished surface and the other side is the transient surface, the
plastic deformation will appear on the finished surfaces. In
addition, the top of the grooves is thin while the root of
grooves is much thicker. The radial cutting force F, acts on
the finished side wall of a micro V-groove when the force on
the wall of the micro-groove exceeds the yield strength of
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Fig. 7 Photo of a 40° single crystal diamond tool

material, and plastic deformation will appear. The mechanism
of cutting radial force acting on the side wall of a micro-
groove is shown in Fig. 4b.

2.2 Cutting force measurement

This paper aims to analyze the effect of cutting force under
different cutting conditions on the quality of SMVGs in
UPRM. The material and cutting conditions are listed in
Table 1. In the cutting experiments, a multi-component
dynamometer (type: Kistler 9256 C1) was employed to
measure the cutting force components acting on the work-
piece. A 3-channel charge amplifier (Kistler S080A) was
used to collect cutting force signals, which were converted
to digital signal by using a DAQ-System (Kistler 5697A2).
The acquisition system (Dynoware software) was used to
describe the digital data. Figure 5 shows the setup of the
measurement system.

UPRM is a typical intermittent cutting process. Therefore,
the measurement of the cutting force signal is composed of the
cutting force pulse component and free vibration component
[13]. The cutting force pulse represents the maximum of the
cutting force as shown in Fig. 6.

Because the contact time of the cutting tools with the ma-
terial is very short, each cutting is a collision with the material.

With regard to the effect on micro-structure, the cutting forces
can be divided into radial force F, and thrust force F,.

2.3 Cutting condition setting

Compared with conventional NC machines, URPM has more
complex and interacting machining parameters to control dur-
ing machining. The machining parameters such as cutting
strategy, tool path and cutting tool angle affect mostly the
surface texture and form accuracy. The main cutting parame-
ters are shown in Table 1.

The material workpiece used to investigate the effect of
cutting parameters was copper. The dimension of the work-
piece was 35 mm x 20 mm. Copper has very high thermal and
electrical conductivity and is widely applied to manufacture
heat exchangers.

This work was performed through cutting V-grooves on the
copper bulk while capturing and analyzing the cutting force
signals. The research investigated the effect of cutting param-
eters on the cutting force in UPRM. In the series of experi-
ments, the changes of cutting force with respect to different
depths of cut, spindle speed and feed rates were explored via
V-groove cutting on a copper workpiece. In order to obtain
steady measured results, the cutting force values were deter-
mined by solving the mean value of 100 cutting force peaks.

Diamond tools have many outstanding advantages involv-
ing nano-metric edge sharpness, high reproducibility and high
wear resistance. A sharp tool whose radius of arc is extremely
small is required to fabricate some special types of compo-
nents, such as V-grooves. A sharp diamond tool with a 40°
tool angle is shown in Fig. 7.

The angle of a SMVG is the same as the diamond tool
angle, due to the principle of the one-step cutting method.
The smaller the micro-groove angle is, the higher the enhance-
ment of heat transfer that can be obtained for hierarchical
micro-structure heat exchangers [3]. However, the quality of
micro-grooves is very sensitive to the tool angle: the smaller
the tool angle is, the harder it is to obtain a high-quality

—_—
HL D6.0 30 um
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HL D6.0 30 um HL D6.0 30um

Fig. 8 SEM of cross-sectional SMVGs machined under the cutting condition of different cutting depths d: (a) d=2 pum, (b) d=5 pm, and (c) d =8 pm
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Fig. 9 The cutting force signal of F. (a) d=2 um, (b) d=5 um, and (¢) d=8 pm

SMVGs. The hierarchical structures were fabricated on cop-
per with different cutting conditions by UPRM.

3 Results and discussion
3.1 Effect of cutting depth

In this study, three cutting depths d were chosen: 2 um, 5 pm,
and 8 um at the feed rate of 50 mm/min and spindle speed of
4000 rpm. The desired depth of SMVG was 20 um. For a
cutting depth of d=2 pm, to achieve a micro-groove depth
of 20 um, cutting more than 10 times is needed. Ford =5 um,
four times are needed to achieve the desired depth. For d=
8 wm, just three times is required to finish the cut. It can be
clearly seen that increasing the depth of cut can greatly im-
prove the efficiency of machining.

However, as the depth of cut increases, the volume of ma-
terial removed each time increases, as does the area of contact
between the tool and the material, so the cutting force also
increases significantly. An increase of cutting force is often
accompanied by an increase of burrs and more serious plastic
deformation of the wall of micro-grooves, so the impact on
SMVGs must be considered.

It can be clearly seen from Fig. 8 that a higher quality of
SMVG can be obtained with a smaller depth of cut. As can be

seen from Fig. 8a, a smaller cutting depth is employed to
machine the SMVGs, which reduces the burrs at the top of
the V-grooves, and wall deformation does not occur. Figure 8b
shows the cutting depth of 5 um; it can be seen that the burrs at
the top of V-grooves increase, while the plastic deformation
on the top of the wall begins to appear. The cutting depth of
8 um is shown in Fig. 8c; it is clearly observed that the burrs at
the top of the V-grooves increase very seriously and the
thicker portions of the wall are also deformed.

The measured radial cutting force signals for three cutting
depths 2 um, 5 pm, and 8 pm are shown in Fig. 9 from a to c.
Increase of the cutting depth leads the cutting force to grow
greatly, including the thrust cutting force and radial cutting
force. When the cutting depth d is 2 um, 5 um, and 8 pum,
the mean value of radial cutting force F, is equal to 0.07 N,
0.10 N, and 0.16 N, respectively. When the F,. exceeds the
yield strength of copper, the thinner material undergoes plastic
deformation. The thinner part of the V-grooves undergoes
plastic deformation, and with the increase of cutting force, this
deformation becomes more serious, from the top, slowly de-
veloping to the relatively thick middle part of micro-grooves.

3.2 Effect of feed rate

Under the condition where the cutting depth was 2 pm and the
spindle speed was 4000 rpm, the cutting experiments were

—
HL D6.0 30 um

D vy ———ad
— HL D6.0 30um
HL D6.0 30 um

Fig. 10 SEM of cross-sectional SMVGs machined under the condition of different feed rates f: (a) f=50 mm/min, (b) /=100 mm/min, and (c¢) /=

200 mm/min
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Fig. 11 The radial cutting force acting on the side wall of micro V-grooves for various feed rates: (a) 50 mm/min, (b) 100 mm/min, and (¢) 200 mm/min

carried out with feed rates f'of 50 mm/min, 100 mm/min, and
200 mm/min. Figure 10 shows the machining quality of the
SMVGs with different feed rates.

It was found that the quality of SMVGs is also greatly
influenced by the feed rate in the one-step machining process.
The best SMVGs were obtained at /=50 mm/min, which is
shown in Fig. 10a. The phenomenon of burrs was not obvious
at the lowest feed rate. The SEM of SMVGs machined at a
feed rate f= 100 mm/min is shown in Fig. 10b. Burrs on the
top obviously increased. The geometry of SMVGs machined
at a feed rate of 200 mm/min is shown in Fig. 10a. Burrs left
on the top of micro-grooves became more serious. In addition,
the plastic deformation of the wall also became serious.
However, the deformation was limited to the top.

Figure 11 shows the radial cutting force acting on the side
wall of micro-grooves. It can be seen that increasing the feed
rate causes an increase of cutting force. When the feed rate /=
50 mm/min, the mean value of cutting force is 0.07 N as
shown in Fig. 11a. In Fig. 11b, the mean value of cutting force
is 0.09 N with feed rate /= 100 mm/min. Figure 11c shows the
cutting force obtained at feed rate f=200 mm/min. The mean
value of cutting force is 0.13 N. Although increasing the value
of the feed rate can greatly improve the efficiency of fly cut-
ting for hierarchical ribs, it introduces cutting force that will
not be as large as the cutting depth, and increasing the feed rate
also highly influences the quality of SMVGs. Keeping a

balance between fly cutting efficiency and quality of the fin-
ished micro-structure is very important.

3.3 Effect of spindle speed

In these experiments, the cutting depth was 2 pm and the feed
rate was 50 mm/min. The other parameters were held con-
stant. The SEM micrographs of the cross-section with differ-
ent spindle speeds are shown in Fig. 12. As shown in Fig. 12a,
the plastic deformation disappeared at the top of SMVGs.
Figure 12b shows SEM photographs of micro-grooves ma-
chined at the spindle speed value of 4000 rpm. The burrs were
minimized compared to when the spindle speed of 2000 rpm
was applied. In addition, the deformation of the top of
SMVGs disappeared. When the spindle speed was equal to
6000 rpm, deformation did not occur, and the burrs were fur-
ther minimized.

Figure 13 shows the measured radial cutting force pulse
acting on the side wall of micro-grooves. Increasing the spin-
dle speed will reduce the cutting force. When the spindle
speed w =2000 rpm, the radial cutting force is 0.11 N.

From Fig. 13b, it can be seen that the radial cutting force is
0.07 N with spindle speed w=4000 rpm. Figure 13c shows
the cutting force obtained at spindle speed w = 6000 rpm. The
radial cutting force is 0.05 N. So, increasing the spindle speed
can obviously reduce the cutting force. With decreasing

HL D6.0 30um
Fig. 12 SEM of cross-sectional SMVGs machined at various spindle speeds: (a) 2000 rpm, (b) 4000 rpm, and (¢) 6000 rpm
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Fig. 13 The radial cutting force acting on the side wall of micro V-grooves at various spindle speeds: (a) 2000 rpm, (b) 4000 rpm, and (c¢) 6000 rpm

cutting force, no obvious plastic deformation occurs at all the
tops of micro-grooves as shown in Fig. 13c.

At the same feed rate, using a higher spindle speed, the
increase in the cutting times occurs at the same position. For
example, at 6000 rpm, it is more than three times than at a
speed of 2000 rpm. Although it can effectively reduce the
cutting force produced by the plastic deformation, in regard
to the removal of burrs, the effect is not very good, but at
higher speed, burr residue becomes more serious.

4 Conclusions

In this paper, two items of machining defects were employed
to evaluate the quality of secondary micro V-grooves of hier-
archical ribs machined by one-step cutting in ultra-precision
raster milling. One of them is burrs, while the other is plastic
deformation of the V-groove wall. Cutting conditions can af-
fect the removal of burrs and the amplitudes of cutting force in
UPRM.

(1) A dynamometer can be used to capture a series of cutting
force pulses and vibration signals in every rotary cut in
UPRM. As the diamond tool cuts into and out of the
workpiece, the time is very short, but the cutting force
pulse can be seen as a shock, while the cutting force
pulse is closely related to the plastic deformation of
SMVGs.

(2) Cutting force is a series of force pulses and vibration due
to the small cutting duration in every rotary cut in
UPRM. As there is a crucial rotation angle that divides
the chip area into two sections, the cutting force pulse is
composed of two components in UPRM. The cutting
force pulse is closely related to the geometric shape of
cutting tools.

(3) The series of cutting experiments shows that the radial
cutting force increases with growing cutting depth and
feed rate, while it decreases with increasing spindle
speed, and the feed rate has more influence on cutting

@ Springer

force than cutting depth does. In addition, the burrs in-
crease with growing depth, feed rate, and spindle speed.
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