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Abstract: Compared to milling on a macro scale, the micromilling process has several cumbersome
points that need to be addressed. Rapid tool wear and fracture, severe burr formation, and poor
surface quality are the major problems encountered in the micromilling process. This study aimed to
reveal the effect of cutting path strategies on the cutting force and surface quality in the micromilling
of a pocket. The hatch zigzag tool path strategy and the contour climb tool path strategy under
different cooling conditions (e.g., dry, air blow, and flood coolant) at fixed cutting parameters.
The micromilling tests revealed that better results were obtained with the use of the contour tool path
strategy in terms of cutting forces (by up to ~43% compared to the dry condition) and surface quality
(by up to ~44% compared to the air blow condition) when compared to the hatch tool path strategy.
In addition, the flood coolant reduces the cutting temperature and eliminates chips to significantly
enhance the quality of the micro milled surface.
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1. Introduction

In the current era of manufacturing, there is a great demand for micro-scale devices and
components which have complex features and are manufactured from many different materials [1].
Micro-scale parts are utilized in a variety of fields, including the aerospace, automotive, medical, and
precision die and mold manufacturing industries [2]. Micro machining is defined as the process
of machining miniature parts using micro cutting tools. This process is capable of creating 3D
free-form elements and thus, is used in a wide range of engineering applications for the production of
micro-components [3]. A number of studies have evaluated the performance of macro cutting tools
in conventional machining by examining parameters such as the surface roughness, cutting force,
tool wear, tool life, shape and dimensional errors, and computer aided manufacturing (CAM) stage
in the high-speed milling of complex surfaces and parts [4-11]. The manufacturing of components
from various materials via micro machining is, as yet, a more complex process than conventional
machining. Difficulties encountered by researchers in this direction include an unpredictable tool life,
burr formation, and poor surface quality. The high cutting force and temperature that occur during
micro machining lead to problems such as sudden damage to the micro-tools.

Much research has been carried out in recent years to improve the machinability of various
materials used with micro-cutting tools. Most of these studies have focused on slot and channel
operations [12-15]. Nevertheless, very few researches have been dedicated to pocket milling, profile
milling, and the machining of different geometries with micro cutting tools. Zariatin et al. [14]
successfully carried out the micromilling of aluminum alloy 1100 thin-walled features with a minimum
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thickness of 11.71 um. Thepsonthi and Ozel [16] presented a method for optimizing process parameters
and determining the best tool path while conforming to the constraints of micro machining in the micro
end milling of a circular thin-walled rib feature. They reported optimization results showing significant
improvements in the process performance, including decreased burr formation and increased tool life
and surface quality. Oliaei and Karpat [17] examined the correlation between micro end mill tool wear
patterns and machining parameters by machining a 15-mm diameter circular pocket using six spiral
tool paths under varying experimental conditions. The advantages and disadvantages of different
micromilling machining strategies were investigated and validated experimentally by Dimov et al. [18].
In addition, they proposed a way to store and re-use professional micro machining strategies covering
a variety of feature types. The research of Kiswanto et al. [19] produced an experimental guide
for the fabrication of micro impellers via the micromilling process. Their study provided detailed
guidelines for the micromilling process relating to micro-products in terms of design feasibility and
constraints, machining strategy planning using a commercial CAD/CAM system, and the selection of
cutting parameters.

In an innovative lab-on-a-chip (biochip) established by the micro manufacturing technique,
micro-fluidic channels were directly machined via micro end milling [20]. The powder blasting process
was then used to remove the micro burrs that predictably formed at the channel edges. The results
showed that the injection molding of microfluidic biochips could be successfully achieved using a
combination of micro end milling and powder blasting. In their study, Katahira et al. [21] used a
polycrystalline diamond micromilling tool to investigate the machining properties of high-purity SiC.
The results revealed that it was possible to obtain a high-quality surface roughness average Ra = 1.7 nm
if the removed chips were sufficiently thin to carry out ductile mode machining. The micro end milling
process planning proposed by Ozel and Liu [22] for the machining of micro mold cavities utilized a
time-domain simulation model. The model featured predictive capacity for practical micro machining
performance parameters including cutting force, surface form, and surface roughness. Pergin et al. [23]
conducted experimental investigations and reported the effects of different machining conditions
and cutting parameters on thrust force, torque, tool wear, burr formation, and surface roughness for
the micro drilling of a Ti-6Al-4V alloy. In the micromilling of the same alloy, a hybrid system for
cooling and lubrication which was mixed oil with chilled air was designed and its effect on cutting
performance was examined in terms of tool wear and burr formation. According to the findings, the
use of the hybrid system resulted in minimum tool wear and burr size [24].

In contrast to the existing literature, this study aimed to investigate the effects of the cutting tool
path strategy and cooling conditions on the cutting force and surface roughness of the AA 5083 H116
micro-milling of pocket geometry.

2. Materials and Methods

Micro-milling experiments were performed on a three-axis milling machine (Quaser MV154C,
Quaser Machine Tools Inc., Taichung, Taiwan). During the milling operation, the cutting forces
were measured with the help of a Kistler 9257B dynamometer (Kistler, Winterthur, Switzerland).
After the micro cutting tests, the surface area roughness (S,), root mean square roughness (Sq), and
three-dimensional (3D) view of the micro-milled pocket were measured using an optical profilometer
(Zygo ZEGAGE, Zygo corporation, Middlefield, CT, USA). The micromilling experimental setup is
shown in Figure 1. The samples used in this study were prepared from AA 5083 H116 blocks of
95 mm X 75 mm X 5 mm. The chemical composition and mechanical properties of the AA 5083 H116
aluminum alloy are shown in Table 1 [25]. Micro-pocket milling experiments were carried out under
three different cooling conditions: dry, air-blow, and flood coolant. The air-blow and flood coolant
were delivered to the machining area through a nozzle. Moreover, the air-blow cooling was carried
out without the addition of oil. The air pressure used in the micro milling experiments with an air
blow was less than 3 bars. Water-soluble oil was used as the flood coolant with a concentration of 10%.
Characteristics of the flood coolant used in the experiments are: density (15 °C, g/mL) 0.88, kinematic
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viscosity (40 °C, mm?/s) 25, and emulsion (pH, 20 °C) 8.9. Flood coolant was used at low pressure
(<2 bar) and flow rate (0.20 L/min) during cutting so as to ensure that the cutting tool did not fail,
the chips did not stick to the cutting tool, and the measurement results were not adversely affected.
The experimental cutting parameters for the micromilling of the AA 5083 H116 alloy were the spindle
speed, feed rate, axial depth of cut, and radial depth of cut, which were fixed at 9000 rpm, 2 um/tooth,
0.15 mm, and 0.25 mm, respectively. Each micromilling test was repeated three times to ensure the
reproducibility of the results.

p— —

Airblow

”~

— Flood —

= Bac'k-ub plate
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Figure 1. Experimental set-up and machined workpiece.

Table 1. Chemical compositions and mechanical properties of the AA 5083 H116 aluminum alloy.

Chemical Composition in Mass % Mechanical Properties

. . Tensile Yield .
Al Si Fe Cu Mn Mg Zn Cr Ti strength  strength Elongation

92.4-95.6 Max. 04 Max. 04 Max.0.1 04-1 449 Max. 025 0.05-0.25 Max. 0.15 317MPa 228 MPa 16%

An aluminum titanium nitride-coated carbide micro end-mill with two teeth was used to create
the micro-pockets in a one-pass operation. The geometric characteristics and related information
on the micro end mill (Widin ZE702005, Widin US, Changwon-5Si, Gyeongnam, Korea) used in the
experiments are given in Figure 2. A new micro-tool was used in the pocket milling for each new tool
path and cooling condition.

5‘ Material/coating: Solid carbide/AITiN
Diameter: 0.5 mm

I Number of flutes: 2

Edge radius: 1-1.5 um
; Helix angle: 30°
‘ L—’ Length of cut: 1 mm

40 Overall length: 40 mm

Figure 2. Geometric characteristics of the micro end mill.
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Two different pocket milling cutter path strategies were used in the micromilling experiments:
the hatch zigzag and the contour climb. The 3 mm x 3 mm-dimension square geometry was milled
using two different cutting tool path strategies, with a 0.5-mm diameter cutting tool and three different
coolant factors. The SolidCam commercial software (2014, SolidCAM Inc., Newtown, PA, USA) was
used for the generation of the three-axis tool paths. The two different cutter path strategies in the pocket
milling produced by the software are shown in Figure 3. The same cutting parameters were used in
the machining of both pockets, and for both strategies, a 50% tool diameter overlap was employed.

Hatch zigzag strategy Contour climb strategy

(@) (b)

Figure 3. Cutter path strategies in pocket milling: (a) Hatch zigzag; (b) Contour climb.

The pocket machining operation with micro cutting tools using the hatch tool path strategy took
50.5 s, while the contour tool path strategy took 52.6 s. There are 24 steps within the hatch zigzag
strategy, whereas the contour climb strategy has 36 steps. The contour climb strategy had 50% more
steps than the hatch zigzag strategy. The total traveling length of the micro cutting tool generated
by the hatch tool path strategy (28.856 mm) was shorter than that generated by the contour tool path
strategy (31.255 mm). Moreover, in the micro milling operation performed with the contour tool path
strategy, cutting tools were not in contact with long-continued material as long as the hatch tool path
strategy. It is also easier to evacuate chips because of the removal of chips with short cycles.

3. Results and Discussions

The micromilling of the AA 5083 H116 alloy under dry, air blow, and flood coolant conditions was
performed successfully using two different cutter path strategies at a constant cutting speed, feed rate,
and depth of cut. Cutting forces during the machining of the AA 5083 H116 alloy with different cutting
tool path strategies and different cooling conditions using micro cutting tools were measured in the
directions of x, y, and z via a Kistler force dynamometer (Kistler, Winterthur, Switzerland). The forces
measured in the x and y directions with respect to cutting time are shown in Figure 4. The cutting
forces in a machining process using micro-tools are significantly lower when compared with those of
machining performed with macro-sized cutting tools. With the contour tool path strategy, the cutting
force was lower in the pocket machining operation than with the hatch tool path strategy. In the current
study, the amount of chip/material (uncut volume) processed by the selected geometry via the micro
cutting tool (Widin US, Changwon-Si, Gyeongnam, Korea) was 1.275 mm?. This volume of the chip
was machined with 24 steps in 50.5 s by using the hatch tool path strategy and with 36 steps in 52.6 s
by using the contour tool path strategy. If the final contour could not be made in the hatch tool path
strategy, a shorter tool path was taken according to the contour tool path strategy and thus, the tool path
length was shorter [26]. Milling the same volume of material with the contour tool path strategy took
2.1 5 12 steps longer than the hatch tool path strategy. Since in the contour tool path strategy, increases
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of 4.15% of the machining time and 50% also optimized the amount of chip removed, it was thought to
cause the cutting forces at the time of machining to be lower than with the hatch tool path strategy.
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Figure 4. The effect of cutter path strategies and the coolant factor on cutting force.

In both tool path strategies, as expected, lower cutting forces occurred under flood coolant conditions,
while the maximum forces occurred under dry cutting. The reason for the higher cutting force in the micro
machining performed under dry conditions was the adhesion of the workpiece to the cutting tool during
cutting and the high amount of friction at the tool-chip interface. This huge friction created more heat,
thus causing the material to adhere more to the cutting tool [27]. In the micromilling tests made under
air blow cooling, the cutting forces were lower than those for dry cutting, and higher than those under
flood coolant conditions, as the air blow did not cool the workpiece as effectively as the flood coolant.
The reason that the cutting forces under flood conditions were minimum is that the adherence of the
workpiece to the cutting tool was minimum, thus producing a lower friction force during machining [28].
During the cutting time, the machining length and cutting force effects of different cooling methods such
as minimum quantity lubrication (MQL), liquid nitrogen (LN>), carbon dioxide (CO,), MQL + LN, and
MOQL + CO; have been investigated in detail. The use of MQL, LN;, and CO; increased the machining
length according to dry cutting conditions. MQL + LN, and MQL + CO; also gave the best results.
The cutting forces generated during machining were compared; it has been stated that there is a little too
much force during dry cutting compared to other cooling methods [29].

In industrial applications, surface finish is a crucial factor that affects the quality and performance
of mechanical parts, as well as production costs [30]. Much research is being done on minimizing flaws
in the surface finish by machining various engineering materials with different cutting combinations.
The present study used the hatch and the contour tool path strategies under different cooling conditions
in the micro pocket milling of the AA 5083 H116 alloy by using a micro cutting tool. A 1.5 x 1.5 mm?
section of the machined pocket surface was scrutinized and scanned using an optical profilometer
(Zygo Corporation, Middlefield, CT, USA) with a 5.5 magnification lens, and 3D surface topography
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and surface area roughness measurements were taken (Figure 5). Surface measurement is a common
term which encompasses more specific types of measurements such as surface shape, surface finish,
surface profile roughness (R,), or in surface area roughness (S,), surface texture, and structural
characterization [31]. In the surface profile roughness measurement, measurements are taken along a
line from the machined surface, while surface area roughness measures the area where the microscope
is seen. Surface profile roughness provides very small scale information, while the surface area
roughness provides more information about the surface being studied.

3
|
|
|
|
{
{

Figure 5. Surface roughness and 3D surface topography measurements.

Figure 6 shows the comparisons of the 3D surface topography of the pockets milled using the hatch
and the contour tool path strategies under different cooling conditions—dry, air blow, and flood coolant—at
fixed cutting conditions. It was clearly shown that a higher quality surface was obtained in the micro
machining operation carried out with the contour tool path strategy when compared to the one obtained
with the hatch tool path strategy, in general. The zigzag movement of the cutting tool in the hatch tool path
strategy causes the cutting tool to cut alternately along the spindle direction and then against it, generating,
respectively, conventional and climb milling. This change in the cutting mode causes the formation of a
non-uniform surface quality. Commonly, the efficient cutting occurs in the reverse direction of offsetting in
the contour tool path strategy, i.e., from the inside toward the outside. This gives well stability to the work
material because the cutting motion starts near the work material centre [26].

Cooling

Conditions Hatch Zigzag Contour Climb

Dry

Figure 6. Cont.
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Sa: 1.1191 pgesddth Sa: 0.62839 um

Air blow

Flood

Figure 6. 3D surface topography measurements of the milled pocket.

In both tool path strategies, a track of the cutting tool was evident on the machined workpiece.
Nevertheless, under the flood coolant cutting conditions, these tool traces were minimized compared
to results under the dry and air blow conditions. In addition, in both tool path strategies, the surfaces
were better with the flood and air blow cooling compared to dry cutting. The lowest cutting force was
obtained under flood cooling conditions, in both tool path strategies, (Figure 4). Due to the reduction
in cutting force, the flood coolant resulted in a better surface quality, as can be seen in Figure 6. The use
of the flood cooling during cutting provided better lubrication and cooling effects, resulting in lower
friction at the tool-chip interface. Due to the reduction in cutting temperature and friction, there was
less material adhesion to the tool, which increased the quality of the surface being machined. The main
reason for obtaining a rougher surface under dry cutting compared to the other cooling methods was
the higher temperature and friction at the tool-chip-workpiece interface.

The surface area roughness (S,) and root mean square roughness (Sq) values of the surfaces
obtained from the 3D surface topographies are presented in Figure 6 and quantified in Figure 7.
Both the surface area roughness and root mean square roughness values are lower in the contour tool
path strategy than the hatch tool path strategy—except under flood coolant conditions. The results are
consistent with the research that has been carried out in previous studies [22]. The best surface quality
was obtained under flood cooling conditions in both tool path strategies, while the worst surface
quality was obtained by the hatch tool path strategy under dry cutting conditions. Aramcharoen
and Mativenga [32] modeled the energy demands of the machine in order to evaluate different
tool paths—zigzag x- and y-axis, zigzag x-axis, contour, and spiral—and as a conclusion of the
comparison, emphasized that the contour tool path strategy was the most efficient and resulted in the
best surface quality.
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Figure 7. Comparison of roughness values obtained with different milling strategies.

The wear on the cutting tool during the micromachining operation is more important, more severe,
and more risky than the wear on the macromachining. With the start of tool wear and the increase in
wear, the cutting forces, friction, and cutting temperature increase. After a certain limit, tool wear can
cause catastrophic and abrupt failure of the tool without any caution that causes substantial damage to
the work material and even to the machine tool [33]. A study on the wear of the micro milling tools
was made using a scanning electron microscope (SEM). Figure 8 shows the comparisons of the tool
wear using the hatch and the contour tool path strategies under different cooling conditions—dry,
air blow, and flood coolant—at fixed cutting conditions. A certain amount of wear on the cutting
edges of the micro end mills has also been observed during micromilling experiments. The most wear
occurs in dry cutting conditions, while the least tool wear occurs in flood coolant cutting conditions.
The formation of more tool wear in dry conditions is believed to be the main reason for the higher
cutting forces, cutting temperature, and friction. In view of that, the milling forces increased during dry
micromilling in agreement with the graphic offered in Figure 4. The deterioration in cutting edges and
loss of sharpness are less than in the flood coolant conditions. In the micro milling under dry and air
blow conditions, considerable chip adhesion on the cutting edge of the tool and flute is observed, while
this chip adhesion under flood coolant is at a minimum level when compared with other conditions.
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Figure 8. Comparison of tool wear obtained with different milling strategies.

4. Conclusions

Micromilling of an AA 5083 H116 alloy under dry, air blow, and flood coolant conditions was
performed successfully using a constant cutting speed, feed rate, and depth of cut with two different
cutter path strategies.

(1)  Within the limitation of current research, it was concluded that the tool path strategy and coolant
factor played an important role in terms of cutting force and surface quality for the micromilling
of the AA 5083 H116 alloy.

(2) In the case of the contour tool path strategy in micro milling tests, it takes more time (2.1 s),
more steps (12 step), and a greater traveling length of the tool (2.399 mm) than the hatch tool
path strategy.

(3)  With the contour tool path strategy, the cutting force was lower in the pocket machining operation
than with the hatch tool path strategy.

(4) The surface quality of the micro-milled parts was improved with the flood coolant and contour
climb strategy, and at the same time, the cutting forces were reduced by this combination.

(5) By using a flood coolant during machining, the micro tool marks are homogeneously formed and
the deterioration in the micro machined surface is minimized.
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