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Abstract: Micro-cutting is different from conventional cutting in its mechanics. The workpiece
material is not considered to be homogeneous in the micro-cutting process. As a result, it is critical
to comprehend how microstructure affects surface integrity, cutting forces, and chip formation. In
this paper, we experimented with micro-turning on oxygen-free high-conductivity (OFHC) copper
with different microstructures after annealing. Feed rate parameters were smaller than, larger than,
and equal to the grain size, respectively. Experimental results show that when the feed rates are
equivalent to the grain size, the surface roughness of the machined surface is low and the width of
the flake structure on the free surface of chips is minimal, and the explanations for these occurrences
are connected to dislocation slip.

Keywords: micro-cutting; grain size; surface integrity; cutting forces; chip formation; OFHC
copper C102

1. Introduction

The fast development of micro-electro-mechanical systems (MEMS) has raised the bar
for micro-component machining precision and molding quality [1–3]. As the workpiece
size reduces, the mechanical properties of materials are highly affected by grain size
and geometrical size; the mechanical characteristics of the material are different from
macroscopic manufacturing. In conventional cutting, the workpiece material is perceived
as isotropic, and the cutting tool nose radius is considered sharp, because the feed rate is
not of the same order of magnitude as the tool tip [4–7]. The size of the workpiece is small
in the micro-cutting process, the feed rates must be minimal because high feed rates will
impact the stiffness and strength of the material. When feed rates are lower than grain size,
chip formation may occur within the grain. The material will no longer be thought to be
homogenous [8–11]. Traditional cutting theory will no longer be applicable. Therefore, in
order to improve the surface quality after machining, it is necessary to study the influence
of microstructure on the cutting mechanism during the micro-cutting process.

Kumar et al. [12] investigated the influence of cutting factors on micro-cutting in
their study. The investigation revealed that the depth of cut was the most important
factor influencing the surface roughness of the machined surface. During micro-cutting
experiments on Ti-6AL-4V, Aslantas et al. [4] discovered that the surface roughness Sa and
Sz increased with higher feeds, and this discovery was confirmed by SEM examination
of chip morphology. Zhang et al. [13] discovered that microstructure could change the
instability of the micro-topography of the machined surface. Vipindas et al. [14] conducted
experiments on Ti-6Al-4V micro-milling and found that when the un-deformed cutting
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thickness was less than the minimum cutting thickness, the machined surface roughness
caused by ploughing decreased with the increase of the un-deformed cutting thickness, and
when the un-deformed cutting thickness was greater than the minimum cutting thickness,
the machined surface roughness increased with the increase of the un-deformed cutting
thickness. During micro-milling, Wu et al. [15] discovered that materials with fine grain
sizes had higher cutting forces than those with large grain sizes. The reason for this is
that grain boundaries can obstruct dislocation movement, and the smaller the grain size
of the material, the higher the proportion of grain boundaries and, the greater the cutting
forces. Cutting force analysis is critical in the investigation of the micro-cutting process. In
the Komatsu’s investigation, the specific cutting force of ultrafine grain steel was higher
in small depths of cutting when compared to standard grain steel [16]. Based on the
physics-based investigation, Siva et al. [17] quantified the influence of grain size, grain
boundaries, and grain orientation on cutting forces. Jiang et al. [18] found that the degree
of chip serration increased with grain size in cutting experiments on stainless steel 304 L.
Wu et al. [19] found that the magnitude of cutting forces is affected by grain orientation
and grain size. Popov et al. [20] discovered that the surface roughness of the workpiece
dropped as the grain size decreased, from 0.5 µm when the grain size of the aluminum
alloy was 100 µm to 0.15 µm when the grain size of the aluminum alloy was 0.6 µm.

Although much work has previously been carried out on the effect of microstructure on
the machining characteristics of materials, few researchers have determined the machining
parameters based on grain size. In this study, feed rates smaller than grain size, equal to
grain size, and larger than grain size were used to further investigate the effect of grain size
on material processing characteristics.

In this study, oxygen-free high-conductivity (OFHC) copper with different grain sizes
was obtained by annealing at three different temperatures and holding times. Then, micro-
turning experiments at various rates were conducted depending on grain size. When the
feed rates were less than, equal to, and greater than grain size, the influence of grain size on
machining characteristics was investigated. The cutting force in the micro-turning process
was measured and studied using a dynamometer. The free surface of chips produced by
machining was observed using a scanning electron microscope (SEM) (JXA-8530F PLUS,
Tokyo, Japan). The surface roughness of the machined surface was observed by laser
confocal microscope (VK-X200K, Osaka, Japan) to analyze the difference in machined
surface roughness.

2. Experiment
2.1. Workpiece Material

Because commercial OFHC copper is commonly used in electronic components due to
its superior electrical conductivity and machinability, it was chosen as the experimental
material in this investigation. Different grain sizes were generated by annealing at 450 ◦C
for 2 h, 600 ◦C for 2 h, and 750 ◦C for 3 h, respectively, to examine the influence of
microstructure on surface integrity, chip formation, and cutting force in the micro-turning
process. The workpiece material was annealed in tube vacuum furnaces. The annealing
process was continuously supplied with high purity nitrogen to prevent the workpiece
from being oxidized and affecting the experimental results.

After cold inlay, a polishing machine was utilized to grind and polish the samples.
The samples were polished with 400, 600, 1200, and 2000# water sandpaper in turn. The
surface of the sample was ground and polished until the scratches were consistent and
uniform each time, and then a further polishing process was performed. Step by step, the
samples were polished using alumina polishing solution with particle sizes of 1, 0.5, and
0.3 µm until the surface was smooth and free of visible scratches. For the corrosion solution,
we prepared 10 g FeCl3 + 30 mL HCL + 120 mL H2O and used the immersion corrosion
technique, using tweezers to keep the sample submerged in the corrosion solution, which
underwent corrosion for about 5 s. An optical microscope was used to examine the grain
size of the corroded sample. The metallographic microstructure is shown in Figure 1. Nano
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Measurer software was used to measure and analyze the grain size. The average grain size
after heat treatment was 30, 40, and 60 µm, respectively.

Figure 1. Microstructure of annealed OFHC copper. (a) 30 µm, (b) 40 µm, and (c) 60 µm.

2.2. Experimental Setup

As illustrated in Figure 2a, the orthogonal micro-turning experimental was conducted
on a CKD6150H CNC lathe-machining center. The schematic diagram of orthogonal cutting
is shown in Figure 2b. Because the feed rate in the micro-cutting process is very small,
when the feed rate is less than the minimum chip thickness, the workpiece material does
not produce chips, resulting in a severe ploughing and rubbing phenomenon on the surface
of the workpiece [15]; when the feed rate is greater than the minimum cutting thickness, the
workpiece material will only produce chips. Based on the previous studies’ results [21–24],
a PVD-coated carbide insert (TiAlN) with an edge radius of 25 µm was chosen as a cutting
tool in this study, which met the experimental criteria. The rake angle of the cutting tool
was 10◦, and the relief angle was 11◦. The nose radius of the tool was 0.19 mm. The
workpiece was disc-shaped with a diameter of 40 mm and a thickness of 1 mm, with a
hole in the center. The workpiece was clamped by the fixture and then cut with spindle
rotation. The cutting force was measured by Kistler 9257B Dynamometer three-component
piezoelectric dynamometers during the experiment, and the lubrication conditions for
cutting were dry conditions.

Figure 2. (a) Experimental setup, (b) schematic diagram of cutting.

Given the various microstructures of the workpiece after heat treatment (i.e., different
grain sizes), feed rates were smaller than the grain size, equal to the grain size, and larger
than the grain size, in that order. The cutting speed was 50 m/min. The cutting parameters
are shown in Table 1. In particular, each set of intermediate feed rates is equal to the
grain size. Cutting experiments with different feed rates were carried out on workpieces
with the same microstructure to verify the effect of microstructure on the machining
characteristics of OFHC copper. Subheadings may be used to split this section. It should
provide a short and summary of the experimental data, their interpretation, and possible
experimental inferences.
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Table 1. The parameters of micro-cutting.

Machine Tool CKD6150H Lathe-Machining Center
Cutting speed (m/min) 50

Cutting tool PVD-coated carbide insert (TiAlN)
Workpiece material OFHC copper

Feed rate (µm/rev)
20, 30, 40
30, 40, 50
50, 60, 70

After the experiment, scanning electron microscopy was used to observe the free
surface of chips. The surface roughness was measured by using laser confocal microscopy
to investigate the relationship between microstructure and surface integrity.

3. Analysis and Discussion Results
3.1. Machined Surface Integrity

After the experiment, the roughness of the machined surface was measured at five
locations on the workpieces in order to avoid accidental errors in the measurement. The
topography of the machined surface is shown in Figure 3. Figure 3 clearly shows the path
of the turning tool on the surface of the workpiece. The toolpath on the machined surfaces
of workpieces with a grain size of 60 µm was more prominent than the other two grain
sizes. According to previous studies [5,24], the material flows to the two sides closest to the
cutting edge during the cutting process; softer materials are prone to this flow phenomenon.
Wang et al. [25] found that the larger the grain size of the material, the more likely it is that
plastic flow will occur, and plastic flow increases surface roughness. Therefore, the most
pronounced tool paths are found on machined surfaces of workpieces with a grain size of
60 µm.

Figure 3. The topography of the machined surface. The grain size of the workpiece is 30 µm:
(a) feed rate = 20 µm/rev, (b) feed rate = 30 µm/rev, (c) feed rate = 40 µm/rev; The grain size of the
workpiece is 40 µm: (d) feed rate = 30 µm/rev, (e) feed rate = 40 µm/rev, (f) feed rate = 50 µm/rev;
The grain size of the workpiece is 60 µm: (g) feed rate = 50 µm/rev, (h) feed rate = 60 µm/rev, (i) feed
rate = 70 µm/rev.
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Ra is based on the line profile method for roughness assessment. Ra is defined as the
arithmetic mean deviation of the contour of the distance between points on the surface
contour of the object, and the datum line and is mainly used to characterize one-dimensional
profiles. Sa is based on the area profile method for roughness assessment. Sa is defined
as the distance from the point on the surface profile of an object to the reference plane,
which represents the arithmetic mean deviation of the area shape. Sa is mainly used to
characterize two-dimensional profiles. It is more suitable when assessing surface roughness
in the microscopic field. Therefore, Sa was used to characterize the roughness of machined
surfaces in this study; the surface roughness values are shown in Figure 4. The Sa of the
finished surface was shown to be the smallest when the feed rate was equal to the grain size
for workpieces with the same grain sizes. When the feed rate was smaller than the grain
size during the process of micro-turning, the cutting largely occurred inside the grains, the
grains were over-twisted and ripped, and the surface roughness was severe. When the feed
rate was equal to the grain size, the cutting mostly occurred at the grain boundaries, the
grain was stripped from its position, and the surface roughness was slight; when the feed
rate was larger than the grain size, the cutting situation was the same as when the feed rate
was smaller than the grain size: the cutting occurred inside the grain. The results of laser
confocal microscopy also showed that the machined surface was smoother, and there were
fewer tool paths on the surface when the feed rate was equal to the grain size.

Figure 4. Cont.
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Figure 4. The roughness of machined surface at different feed rates. (a) Grain size = 30 µm, (b) Grain
size = 40 µm, (c) Grain size = 60 µm.

3.2. Cutting Forces

To avoid chance errors, each group of cutting tests was repeated three times and the
cutting forces were collected for the cutting process. The cutting forces Fp (radial force,
perpendicular to the machined surface) and Fc (tangential force, parallel to the machined
surface) for each group of cutting tests are measured by Kistler 9257B Dynamometer, which
collects the force signals during the cutting process in real time and converts them into
cutting force curves. The cutting force curves reflect the cutting forces created by the
tool from the moment it touches the workpiece to the time it leaves the surface. The
experimental cutting force curves were smoothed, and the study utilized the average of
each group of cutting forces. The results are shown in Figure 5.

As clearly shown in Figure 5, the feed rate has an important influence on the cutting
force of the same microstructure workpiece. Cutting forces increased in a linear relationship
with feed rates. This implies that changes in macro-feed rates have a higher impact on
cutting forces than changes in grain sizes. From Figure 5d,e, it can be seen that when
the feed rate was 30 µm, the cutting force Fc of the workpiece with a grain size of 30 µm
was less than that of the workpiece with a grain size of 40 µm. When the feed rate was
30 µm/rev, the turning tool cut the workpiece with a grain size of 30 µm, and the cutting
path mostly passed through the grain boundary. However, the workpiece with a grain
size of 40 µm was cut by the tool, and the cutting path mostly passed through the inside
grain. Cutting inside the grain caused significant dislocation plugging, which in turn
produced a large cutting force. The same phenomenon could be seen when the feed rate
was 40 µm/rev.
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Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. The cutting forces at different feeding rates. (a–c) Cutting forces Fp of Grain size = 30 µm,
40 µm, 60 µm, respectively; (d–f) Cutting forces Fc of Grain size = 30 µm, 40 µm, 60 µm, respectively.

3.3. Chip Formation

The chip morphology in micro-turning processes varies depending on the work-
piece material and cutting settings. Due to its good ductility, OFHC copper is commonly
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processed to produce continuous ribbons of chips. Free surfaces of continuous ribbon
chips commonly generate a lamellar pattern, which can be seen with a scanning electron
microscope. The schematic diagram of the workpiece chip pattern is shown in Figure 6.

Figure 6. Schematic diagram of workpiece chip pattern.

The microscopic morphology of the free surface of chips is shown in Figure 7. The
morphology of the lamellar pattern on the free surface is influenced by grain size and
cutting settings, as can be observed. On the same chip, such lamellar folds were beautifully
placed and about the same width, yet the chips were significantly different. The average
width of the free surface lamellar structure was calculated by taking a line of the same length
in the direction perpendicular to the lamellar structure at the same scale and determining
the number of lamellar patterns on the line; the average width of the lamellar structure
results are shown in Figure 8. As can be seen from Figure 8, when the grain sizes are 30
and 40 µm, the width of the lamellar patterns of chips whose feed rates were smaller than
the grain size was about 1.5 times wider than when the feed rates were equal to the grain
size, and the width of the lamellar patterns of chips whose feed rates were greater than the
grain size was 2 times wider than when the feed rates were equal to the grain size.

When the feed rates are equivalent to the grain size, the breadth of the lamellar
structures on the free surface is minimized, as seen in Figure 8. Figure 9a shows the mi-
crostructure of the chip and Figure 9b shows the microstructure of the machined workpiece.
As shown in Figure 9a, the extrusion of the tool and the workpiece causes the original
microstructure of the material to change and even form nanocrystals that could not be
observed by corrosion during the cutting process. In Figure 9b, the microstructure of the
machined workpiece was divided into two parts: region I and region II. Region II is far
from the machined surface and is less affected by the machining, and the microstructure
does not change much. Region I is close to the machined surface and is more affected by
the machining, and the microstructure changes obviously. The microstructure of region I is
the same as the microstructure of the chip in Figure 9a. Therefore, it is difficult to draw con-
clusions through metallographic observations. However, the experimental phenomenon
can be indirectly explained by the findings of previous studies [5,26]: The continuous shear
slip of the chip tends to alter the grain borders because the ability of grain boundaries to
resist deformation is larger than the ability of the grain interior to resist deformation. When
the feed rate is equal to the grain size, most of the micro-turning process occurs at the grain
boundary and the distance of shear slip is small, so the width of the lamellar structure
is small. When the feed is greater or less than the grain size, most micro-turning occurs
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inside the grain, the distance of the tool passing inside the grain is large, and the distance
of cutting shear slip increases; therefore, the width of the lamellar structure is small.

Figure 7. Micromorphology of free surface of workpiece chips at different feed rates. (a–c) Grain
size = 30 µm, (d–f) Grain size = 40 µm, (g–i) Grain size = 60 µm.

Figure 8. Cont.
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Figure 8. The average width of the lamellar structure: (a) 30 µm, (b) 40 µm, (c) 60 µm.

Figure 9. The microstructure of (a) the chip and (b) the machined workpiece.
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4. Conclusions

In this paper, micro-turning experiments were performed on three different microstruc-
tures of OFHC copper to investigate the effects of micro-turning on cutting forces, surface
integrity, and chip morphology for the same microstructure at feed rates smaller than,
greater than, and equal to the grain size. The following are the key conclusions of this paper:

1. The toolpath on the machined surfaces of workpieces with a grain size of 60 µm were
more prominent than the other two grain sizes. An explanation for this phenomenon
is that material flows to the two sides closest to the cutting edge in the cutting
process. The softer the material, the more prone it is to this flow phenomenon, and
the workpiece with a grain size of 60 m is the softest. When the feed rate is equal to
the grain size for the same grain size workpiece, the Sa of the surface completed is
the smallest.

2. The cutting forces increased with increasing feed rates. This indicates that the change
in feed rates during the cutting process has a higher influence on the cutting force
than the location of the microstructure when the cutting process takes place. When
the feed rate was 30 µm, the cutting force Fc of the workpiece with a grain size of
30 µm (cutting happened largely at the grain boundaries) was less than that of the
workpiece with a grain size of 40 µm (cutting mostly occurred inside the grain). The
reason for this is that cutting inside the grain induced a lot of dislocation plugs, which
resulted in a lot of cutting force. Similar behavior may be observed when the feed rate
is set to 40 µm/rev.

3. On the free surface, there were lamellar patterns that were nicely ordered and almost
the same width on the same chip. The breadth of the lamellar patterns on the free
surface was minimum when the feed rates were equal to the grain sizes. When the
grain sizes were 30 µm and 40 µm, the width of the lamellar patterns of chips whose
feed rates were smaller than the grain size was about 1.5 times wider than when the
feed rates were equal to the grain size, and the width of the lamellar patterns of chips
whose feed rates were greater than the grain size was about 2 times wider than when
the feed rates were equal to the grain size.
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