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Abstract: The micro-groove structure on the planar surface has been widely used in the tribology
field for improving the lubrication performance, thereby reducing the friction coefficient and wear.
However, in the conventional cutting (CC) process, the high-quality, high-precision machining of
the micro-groove on titanium alloy has always been a challenge, because considerable problems
including poor surface integrity and a high level of the material swelling and springback remain
unresolved. In this study, the ultrasonic elliptical vibration assisted cutting (UEVC) technology
was employed, which aimed to minimize the level of the material swelling and springback and
improve the machining quality. A series of comparative investigations on the surface defect, surface
roughness, and material swelling and springback under the CC and UEVC processes were performed.
The experimental results certified that the material swelling and springback significantly reduced
and the surface integrity obviously improved in the UEVC process in comparison to that in the CC
process. Furthermore, for all the predetermined depths of the cut, when the TSR (the ratio of the
nominal cutting speed to the peak horizontal vibration speed) was equal to one of twenty four or one
of forty eight, the accuracy of the machined micro-groove depth, width and the profile radius reached
satisfactorily to 98%, and the roughness values were approximately 0.1 µm. The experimental results
demonstrate that the UEVC technology is a feasible method for the high-quality and high-precision
processing of the micro-groove on Ti-6Al-4V alloy.

Keywords: micro-groove; titanium alloy; surface integrity; material swelling and springback;
ultrasonic elliptical vibration assisted cutting

1. Introduction

Titanium alloys have been increasingly used in aerospace, aviation, shipbuilding and biomedical
fields because of their excellent properties such as high yield stress, high toughness, high strength to
weight ratio, high creep and corrosion resistivity and good biocompatibility [1]. However, the surface
hardness of titanium alloy is not usually high (approximately 30 HRC), which leads to a poor wear
resistance of the titanium alloy part [2,3]. In practical application, the failure of titanium alloy part
is often caused by its poor wear resistance [4,5]. Therefore, the studies on the improvement of the
wear resistance of titanium alloy hold great significance for improving its reliability and service life.
The micro-groove structure has been proven to be useful for improving the lubrication performance
during the wet sliding contact condition, thereby reducing the friction coefficient and wear [6].
Numerous fabrication technologies have been proposed for the machining of the micro-groove,
including lithographic machining [7], micro electrical discharge machining [8], micro electrochemical
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machining [9] and micro mechanical machining [10–12]. The lithographic machining technology was
more suitable for processing tiny nano-scale structures with a straight sidewall and high aspect ratio
due to its high resolution and low removal rate [7]. The micro electrical discharge machining only
could be used for the conductive material, and the feature structure was limited by the geometry size
of the electrode tool. In addition, the micro electrochemical machining was difficult to obtain the high
quality finished surface [9]. Notably, a considerable amount of investigations show that the micro
mechanical machining is the most widely used, because it has a large dimension span and allows a
high degree of freedom for the structural design as compared with other methods [11,13].

Titanium alloys have been considered to be typical hard-to-cut materials owing to their inherent
properties such as the high chemical reactivity, high strain hardening (work hardening), low thermal
conductivity and small deformation coefficient [14]. Hence, the high-quality and high-precision
machining of the micro-groove on titanium alloy has always been a challenge with the conventional
cutting (CC) process [15–17]. During the processing of a micro-groove on titanium alloy using the
CC process, the generated cutting heat could not be effectively dissipated through the workpiece
or chips because of the low thermal conductivity. Furthermore, the effect of the coolant was greatly
limited because the coolant was vaporized before reaching the cutting zone [17]. Thus, the high
cutting temperature and thermal stress exist in the narrow cutting area, which are sufficiently high to
induce the plastic side flow of melted materials, and leaving the materials behind the cutting edge.
Yip et al. [16] reported that the materials expand and their volume increases when the melted materials
solidify again, especially at the bottom and side location of cutting edge. Therefore, there is an obvious
deviation between the profile shape of the generated micro-groove and the ideal case due to the effect
of the material swelling and springback, as shown in Figure 1.
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More remarkably, the effect of the material swelling and springback of titanium alloy was enhanced
due to its low elastic modulus and thermal conductivity [16]. Furthermore, during the CC process,
many surface defects such as adhered particles, a welded built-up edge (BUE) and plastic flow grooves
appeared on the finished surface [15,18]. Previous studies have suggested that the high cutting
temperature was the main factor that caused the formation of surface defect and the serious material
swelling and springback [16,19]. Therefore, some coolant technologies, such as the coolant pressurized
jet [20], cryogenic cooling [21], minimum quantity lubrication (MQL) [22] have been developed to
reduce the cutting temperature. Further high-pressures increased the momentum of the coolant,
which led to better heat transfers [17]. However, the environmental pollution and hazards to the
operator occurred due to the high use of cutting fluids [23]. In the cryogenic cutting environment,
the form accuracy of the machined part was difficult to guarantee and the hardness of workpiece
was growing [24]. In MQL machining, a small amount of cooling/lubricating agents, as in the form
of an aerosol, enter in the cutting zone for the advantage of effective cooling and lubrication at the
tool–chip interface [22]. Krolczyk et al. [25] highlighted that this technology was a practical alternative
to drying as well as flood cutting, which could reduce the use of cutting fluid and the manufacturing
cost, thus achieving the eco-benign cutting environment. Maruda et al. [26,27] claimed that the MQL
technology was performed better when the extreme pressure and anti-wear additives were added,
which provided a significant improvement in the cutting tool wear rate. The MQL technology has
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been applied in many machining techniques, as well as in the wide range of workpieces (especially
for Inconel alloys and titanium alloys) [28,29]. Nevertheless, the setup of MQL was complicated
and troublesome [25]. Moreover, MQL technology required advanced equipment and caused a
higher manufacturing cost, which limited its development [18]. Hence, a better machining method
should be adopted to improve the machining performance of titanium alloy and reduce the level of
material swelling and springback, thereby resulting in the high-quality and high-precision processing
of micro-grooves on titanium alloy.

The ultrasonic elliptical vibration assisted cutting (UEVC) is a promising cutting technique
which shows particular advantages over CC, like lower machining forces, higher machining stability,
less tool wear and a better surface finish [30–32]. Furthermore, the investigations of the fabrication of
micro-groove structures assisted by the UEVC technology have gained more attention from researchers
in recent years. Kim et al. [33,34] investigated the machining characteristics of micro-grooves on
aluminum and brass by using the UEVC technology. Their results indicated that, in the UEVC
process, the machining quality of micro-grooves was improved and the cutting forces were significantly
decreased compared with the CC process. Suzuki et al [35,36] performed the micro-groove machining
experiments on brittle materials by using the UEVC technology. The results showed that, due to the
influence of the UEVC technology, the cutting forces reduced, the critical cutting depth increased
and the machining accuracy of the micro-groove improved. Moreover, Zhang et al [11,12] compared
and analyzed the machining characteristics of micro-grooves on the stainless steel (0Cr18Ni9) and
brass by using the UEVC and CC processes. Their results demonstrated that the machining quality
of micro-grooves improved and the cutting forces were reduced in the UEVC process, especially for
stainless steel. Similarly, the experimental results obtained by Kurniawan et al. [37] indicated that the
UEVC process has shown many advantages in the machining of micro-grooves on steel alloy compared
to the CC process.

Therefore, as discussed above, the UEVC process is effective to reduce the cutting forces, lower
the surface roughness and attain better machining accuracy in micro-groove machining of easy-to-cut
materials (such as copper, brass, and aluminum), brittle materials as well as steel materials. However,
the UEVC technology is yet to be used in the machining of micro-grooves on titanium alloy. Moreover,
a few studies have been conducted to assess the effect of material swelling and springback in
micro-groove machining, which is the dominant factor to deteriorate the form accuracy and surface
integrity of micro-grooves, especially for titanium alloy with the high level of material swelling and
springback [16,38]. In this work, the UEVC technology is employed to investigate the machining
characteristics of micro-grooves on Ti-6Al-4V alloy. In order to clarify the effective mechanisms
of the UEVC technology in micro-groove machining of titanium alloy, comparative investigations
on the surface defect, surface roughness, and material swelling and springback under the CC and
UEVC processes are carried out. Moreover, the effects of different machining parameters on the
machining quality of micro-grooves are compared with particular emphasis on the material swelling
and springback. It is hoped that this work can provide a feasible method for high-quality and
high-precision machining of micro-groove on titanium alloy.

2. Materials and Methods

2.1. The UEVC Principle

Figure 2a shows the schematic illustration of the UEVC process, and Figure 2b presents the
schematic diagram of the UEVC device used in this study. The UEVC device worked at the 3rd
longitudinal resonant mode and the 6th bending resonant mode. Four groups of longitudinal and
bending piezoelectric (PZT) ceramics were stacked between metal blocks. When the excitation signals
applied to the longitudinal PZT ceramics and the bending PZT ceramics, the 3rd longitudinal and 6th
bending resonant modes of the device were inspired, respectively. An elliptical vibration trajectory was
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obtained at the tool tip by combining the two resonant vibrations with some phase shift. The detailed
working principle of the UEVC device was given in our previous work [39].

As shown in Figure 2a, the cutting tool elliptically vibrates in the xoz plane, which is formed
by the nominal cutting direction (i.e., x-axis) and the chip flow direction (i.e., z-axis). Relative to the
workpiece, the transient position of the cutting tool can be described as follows:

x(t) = a sin(2π f t) −VCt, (1)

z(t) = b sin(2π f t + θ). (2)

Thus, the tool velocity relative to workpiece can be written as:

x′(t) = 2π f a cos(2π f t) −VC, (3)

z′(t) = 2π f b cos(2π f t + θ). (4)

where a and b are the vibration amplitudes in x-direction and z-direction, respectively. θ is the phase
shift of the 3rd longitudinal resonant and 6th bending resonant, VC is the nominal cutting speed and f
is the vibration frequency. In addition, it should be noted that the ratio of the nominal cutting speed to
the peak horizontal vibration speed is an important parameter in the UEVC process. In this study,
this ratio is named as TSR. And TSR can be written as:

TSR =
VC

2π f a
. (5)

It should be noted that the intermittent cutting only occurs when TSR < 1. Nath et al. have
demonstrated that the machined surface quality improved with the decrease of the value of TSR,
and the TSR was usually set to be less than one-twelfth in the ultra-precision machining process [40].
Hence, three different values of TSR, namely one of twelfth, one of twenty-four and one of forty eight,
are selected by varying the normal cutting speed for studying the influence of TSR on the machining
quality of micro-grooves on titanium alloy. It should be noted that different TSR values in the UEVC
process can be implemented by adjusting the radius of the machining area.
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(b) Schematic diagram of the UEVC device.

In the UEVC process, the three most important features are the intermittent cutting, the reduced
instantaneous uncut chip thickness and the reversal of friction force between the tool and the chip [13].
As shown in Figure 2a, the cutting motion starts at time t0, and the cutting tool separates from
workpiece at time t4. Thus, in each cycle of vibration, the contact time between the tool and workpiece
is only (t4–t0). The cooling medium was more likely to enter the cutting area, and the cooling effect
was enhanced [41]. As a result, the cutting temperature was reduced. As presented in Figure 2a,
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the instantaneous uncut chip thickness continuously varies, and is maximal at time t2. The maximal
instantaneous uncut chip thickness (aimax) is also smaller than the nominal one (ap). This means that
the cutting forces and cutting temperature during the UEVC process are smaller than in CC process.
At time t3, the velocity of the cutting tool in the z direction is equal to the velocity of the chip flow.
This can be represented by the following equation:

z′(t3) = 2π f b cos(2π f t3 + θ) = Vp. (6)

where Vp is the velocity of the chip flow and is considered as a constant. According to the vibration
equations of the tool (Equations (3) and (4)), the velocity of the tool in the z direction is increased in
time period (t4–t3). Therefore, during the time period of (t4–t3), the friction force between the chip
and tool is reversed. That means the friction force and the velocity of the chip flow have the same
direction, which is conducive to break the chip and pull the chip away from the workpiece, and the
results in a remarkable decrease in the cutting force, the suppression of the tool chatter, and an increase
in the nominal shear angle [40,42]. In the UEVC process, the cutting forces and cutting temperature
are reduced, the tool chatter is suppressed, and the chips are smoothly removed. Thus, the UEVC
technology maybe a promising machining method to improve the machining performance of titanium
alloy and reduce the level of material swelling and springback, thereby resulting in the high-quality
processing of micro-grooves on titanium alloy.

2.2. Experimental Setup

In the experimental setup, a typical titanium alloy Ti-6Al-4V alloy, was chosen. The physical
properties of Ti-6Al-4V alloy are listed in Table 1. The workpiece is held by the vacuum chuck attached
on the spindle of the home-made ultra-precision machine tool, as shown in Figure 3. The machine tool
mainly consists of an aerostatic spindle and two horizontal hydrostatic slideways. The UEVC device
was positioned on the z-axis, and the high-precision adjustment platform was used to achieve the
height adjustment of the UEVC device. It should be noted that the UEVC device could be considered
as a traditional tool holder when it was not powered. The samples were round pie with the diameter of
50 mm and the height of 20 mm. The pre-turning was first completed with the CC process. Following
this, a series of micro-groove machining experiments under different machining conditions were
carried out. The experimental conditions and cutting parameters are listed in Table 2.
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Figure 4 displays the schematic view of the UEVC process in the machining of the micro-groove
and the enlarged view of the generated micro-groove. In this study, the cutting tool with a round nose
was used. In the ideal situation, the profile shape of the generated micro-groove is anticipated as same
as the tool profile. The theoretical value of the micro-groove depth (Ld) is equal to the predetermined
depth of cut. The theoretical value of the micro-groove width is Lw, and it can be expressed as:
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Lw = 2
√

R2
− (R− Ld)

2 (7)

where R is the nose radius of the tool, and Ld is the theoretical value of the micro-groove depth. Thus,
the theoretical value of the micro-groove width can be obtained from Equation (7).Materials 2019, 12, x FOR PEER REVIEW 6 of 16 
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Table 1. Physical properties of Ti-6Al-4V alloy.

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Hardness
(HRC)

Density
kg/m3

Specific Heat
Capacity

(J·kg−1·◦C−1)

Thermal
Conductivity
(W·m−1·◦C−1)

902 16 32 4500 610 7.6

Table 2. Experimental parameters.

Processing Method CC
Process

UEVC
Process

Vibration parameters

Frequency (kHz) - 29.75
Amplitude in cutting direction (µm) - 6

Amplitude in cutting depth direction (µm) - 4
Phase shift (◦) - 150

Cutting parameters
Spindle speed (r/min) 480 20

Feed rate (µm/r) 500 500
Depth of cut (µm) 2, 4, 6, 8 2, 4, 6, 8

Cutting Tool

Material Carbide
Rake angle (◦) 0

Clearance angle (◦) 11
Nose radius (mm) 1.698

Workpiece Material Ti-6Al-4V alloy
Dimension (mm) Φ50 × L20

Cutting fluid No

3. Results and Discussion

3.1. Material Swelling and Springback

In the micro-groove machining of titanium alloy, the suppression of material swelling and
springback is crucial. To evaluate whether the UEVC technology, especially at different TSR, meets to
suppress the material swelling and springback, the machining quality assessment of the machined
micro-grooves is respectively performed by ultra-depth 3D microscopy system (VHX 1000E; Keyence,
Osaka, Japan) and a white light interferometer (NewView 5000; Zygo, Middlefield, CT, USA).
The machining quality of the micro-grooves with the predetermined depth of cut of 8 µm produced by
different processing methods was first analyzed. Figure 5 shows the micrographs of the generated
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micro-grooves. As shown in Figure 5a, the clear, obvious and straight swelling marks appeared on
the bottom and the side of the micro-groove produced by the CC process. Numerous surface defects
were randomly distributed on the finished surface. On the contrary, the machined surfaces of the
micro-grooves were clear and smooth, with no surface defect and swelling marks under the UEVC
process with different TSR, as shown in Figure 5b–d. These facts implied that the material swelling
and springback effect was very obvious in the generated micro-groove produced by CC, and the
material swelling and springback effect was obviously suppressed by using the UEVC technology.
The underlying reasons could be explained by analyzing the basic function mechanisms of the UEVC
technology. As discussed in Section 2.1, the intermittent cutting and the reduction of instantaneous
cutting thickness existed in the UEVC process, which caused small cutting forces and resulted in little
cutting heat. Furthermore, the reversed friction force led to the increase of the nominal shear angle, so
the cutting forces and friction force could be further reduced. On the other hand, the intermittent cutting
mechanism provided a more favorable heat dissipation condition. Thus, the cutting temperature in the
UEVC process was far lower than the CC process, which resulted in the prominent reduction in the
level of material swelling and springback during the processing of micro-grooves on titanium alloy.
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Figure 5. Micrographs of machined micro-groove (the predetermined depth of cut was 8 µm):
(a) processed by CC, (b) processed by UEVC (TSR = 1/12), (c) processed by UEVC (TSR = 1/24) and
(d) processed by UEVC (TSR = 1/48).

The reduction in the level of material swelling and springback was directly reflected in the
dimensional parameters of the generated micro-groove. As displayed in Figure 5, the width of the
micro-groove machined by the CC process was 305.8 µm, while the width of the micro-grooves
machined by the UEVC process with different TSR were 324.9 µm (TSR = 1/12), 324.1 µm (TSR = 1/24)
and 327 µm (TSR = 1/48), respectively. These implied that, during the processing of the micro-groove
on titanium alloy using the CC process, the side swelling and springback effect was obvious and it
introduced the larger volume of the material at the groove side, therefore, the width of generated
micro-groove was smaller than the designed one (329.3 µm). During the processing of the micro-groove
on titanium alloy using the UEVC process with different TSR values, the deviation values in the
micro-groove width were small. The experimental results were all closed to the designed value. In order
to further study the details of the generated micro-grooves, the cutting profiles were analyzed, as shown
in Figure 6. Due to the effect of material swelling and springback, the ragged profile with wavy and
vibration characteristics was obtained, as shown in Figure 6a. The depth of the micro-groove produced
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by the CC process was 6.4 µm, and it was much less than the designed value (8 µm), which indicated
that a significant bottom swelling and springback appeared on the bottom surface of the generated
micro-groove. Furthermore, the shape of the cutting profile was even distorted, and deviated largely
from the tool shape. Thus, in the CC process, the actual parameters of the generated micro-groove
greatly strayed from the designed parameters. In contrast, as shown in Figure 6b–d, the cutting profiles
of the generated micro-grooves produced by UEVC process with different TSR displayed a smooth
radius curve, and the depths were all close to 8 µm. It is worth noting that as the TSR value decreases,
the cutting profile appears smoother. The cutting profile of micro-groove machined by the UEVC
process with TSR = 1/48 has a few ripples and vibration marks.
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Figure 6. The cutting profiles of machined micro-groove (the predetermined depth of cut was 8 µm):
(a) processed by CC, (b) processed by UEVC (TSR = 1/12), (c) processed by UEVC (TSR = 1/24) and
(d) processed by UEVC (TSR = 1/48).

Table 3. The designed parameters and experimental results of the machined micro-grooves.

Test
No.

Parameters of the
Micro-Groove

Designed
Values

Results of CC
Process

Results of
UEVC
Process

(TSR = 1/12)

Results of
UEVC
Process

(TSR = 1/24)

Results of
UEVC
Process

(TSR = 1/48)

1
Micro-groove depth 2 1.74 1.91 1.96 1.96
Micro-groove width 164.8 152.2 158.9 162.3 163.5

Profile radius 1698 1709 1653.4 1681 1704.9

2
Micro-groove depth 4 3.32 3.89 3.91 3.94
Micro-groove width 233 214.9 228.3 229 232.3

Profile radius 1698 1740.4 1676.8 1678.5 1712.5

3
Micro-groove depth 6 4.91 5.89 5.91 5.97
Micro-groove width 285.2 264.7 279.6 284.7 284.1

Profile radius 1698 1786.2 1662 1717.3 1693

4
Micro-groove depth 8 6.4 7.92 7.91 7.98
Micro-groove width 329.3 305.8 324.9 324.1 327

Profile radius 1698 1829.7 1670 1663.9 1678.9

For further investigating the effect of the predetermined depth of cut on material swelling
and springback under different machining conditions, a series of experiments about micro-groove
machining of titanium alloy were carried out. The measured parameters of the generated micro-grooves
are presented in Table 3. In addition, according to the experimental data in Table 3, the deviations
between the actual parameters of the generated micro-grooves and the theoretical values were analyzed.
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During the processing of the micro-groove on titanium alloy using the CC process, the deviations of
the micro-groove width did not change significantly with the increase of the predetermined depth of
cut, as shown in Figure 7a. Noting that, for all the predetermined depths of the cut, the deviations of
the micro-groove width in the CC process were almost 7–8%, while the deviations of the micro-groove
width in the UEVC process were smaller than 4%. In particular for the UEVC process with TSR = 1/48
and TSR = 1/24, the deviations of the micro-groove width were smaller than 2%. These facts indicate
that the UEVC technology can effectively suppress the side swelling and springback during the
micro-groove machining of titanium alloy, and in the UEVC process, TSR = 1/24 is recommended
because the smaller TSR value means lower processing efficiency.
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and (c) deviation of the profile radius of micro-groove.

Figure 7b presents the deviations of the micro-groove depth under the different processing
conditions. In the CC process, the deviation value gradually increases with the increase of the
predetermined depth of the cut. The deviation value reached 20%, when the predetermined depth of
the cut was 8 µm. This can be explained by the fact that the increase of the predetermined depth of the
cut led to an obvious increase in cutting forces and the friction force, thus, the cutting temperature was
higher, which greatly increased the level of material swelling and springback. Conversely, the deviations
of the micro-groove depth in the UEVC process were smaller than 5% for all predetermined depths
of the cut, and were smaller than 2% when TSR = 1/48 or TSR = 1/24. Moreover, the deviations of
the micro-groove depth were smaller with the decrease of TSR. This is because the decrease of TSR
could further promote the superiority of the UEVC technology, that is, smaller cutting forces and a
better heat dissipation condition could be obtained with smaller TSR. Moreover, it is worth noting that,
with the increase of the predetermined depth of the cut, the suppression effect of the UEVC technology
on material swelling and springback was more obvious. This happened maybe due to the following
reasons. In the CC process, the larger depth of the cut means larger cutting forces and a higher cutting
temperature. Thus, with the increase of the predetermined depth of the cut, the material swelling
and springback becomes the dominant factor in the deviation of the micro-groove depth. However,
as discussed above, the effect of material swelling and springback was effectively suppressed by using
the UEVC technology. This means the dominant factor in the deviation of the micro-groove depth was
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eliminated. Therefore, the deviation of the micro-groove depth gradually decreased with the increase
of the predetermined depth of the cut.

As can be seen from Figure 7c, it is clear that, in the CC process, the deviation of the profile radius
of the machined micro-groove rapidly increased with the increase of the predetermined depth of the
cut. However, since the UEVC technology has a good suppression effect on the material swelling
and springback in both of the side and bottom during the micro-groove machining of titanium alloy,
the deviations of the profile radius of the micro-groove were small for all predetermined depths of the
cut. It is worth noting that, for the UEVC process with TSR = 1/48 or TSR = 1/24, the deviations of
the profile radius of the micro-groove were smaller than 2%. This indicated that the accuracy of the
machined micro-groove could be ensured during the processing of the micro-groove on titanium alloy
by using the UEVC process.

3.2. Surface Integrity

Surface integrity is an important indicator for evaluating the machined surface quality and has
a large impact on the reliability and service life of the part. Figure 8 shows the surface topography
views of the machined micro-grooves with the predetermined depth of cut of 8 µm. It can be observed
from Figure 8a,b, that a series of surface defects including irregular ridges, cavities and tearing marks
appeared on the micro-groove machined by using the CC process. This can be attributed to the
following reasons. During the processing of the micro-groove on titanium alloy using the CC process,
the high cutting temperature, large cutting forces and the existence of friction force, which elevated
the softening degree of the workpiece material, induced the ruleless vibration of the cutting tool and
promoted the formation of the built-up edge (BUE) [18]. The ruleless vibration of the cutting tool and
the generated BUE promoted the formation of cavities and tearing marks. In addition, as discussed in
Section 3.1, the level of material swelling and springback was very high in the CC process. The irregular
ridges were generated by the combined effect of the high level of material swelling and springback
and the ruleless vibration of the cutting tool. It should be noted that these defects vastly degraded the
surface integrity and the accuracy of the generated micro-groove.
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Figure 8. The views of machined micro-grooves (the predetermined depth of cut was 8 µm): (a) surface
topography of machined micro-groove during CC; (b) surface roughness of analyzed area I; (c) surface
topography of machined micro-groove during UEVC (TSR = 1/12); (d) surface roughness of analyzed
area II; (e) surface topography of machined micro-groove during UEVC (TSR = 1/24); (f) surface
roughness of analyzed area III; (g) surface topography of machined micro-groove during UEVC
(TSR = 1/48); (h) surface roughness of analyzed area IV.

In contrast, the machined micro-grooves produced by the UEVC process displayed nearly no
surface defects on the bottom and side surfaces, as shown in Figure 8c–h. This can be attributed to the
following two reasons. The first reason is that, compared to the CC process, the cutting forces and
friction force were small due to the features of the UEVC technology such as the intermittent cutting,
the reduction of instantaneous cutting thickness and the reversal of the friction force. Additionally,
in the UEVC process, a favorable heat dissipation condition was provided because of its intermittent
cutting nature. Consequently, the cutting temperature in the UEVC process was far lower than in the CC
process, thereby resulting in the effective suppression for the ruleless vibration of the cutting tool and
the formation of BUE. The second reason is that, the material swelling and springback was successfully
suppressed during the processing of the micro-groove on titanium alloy using the UEVC process,
as discussed in Section 3.1. Hence, there were almost no surface defects on the machined surface,
as shown in Figure 8d,f,h. Simultaneously, it can be seen that some small and straight ridges also
appeared on the machined micro-grooves produced by the UEVC process, especially for TSR = 1/12.
This may be caused by the micro notches appearing on the cutting edge of the tool. The effect of the
micro notches on the machined surface quality decreased with the decrease of TSR. The reason is that
the smaller TSR means the smaller cutting forces and instantaneous uncut chip thickness. As shown in
Figure 8f,h, the bottom surface roughness of the machined micro-groove produced by the UEVC process
with TSR = 1/24 and TSR = 1/48 were 0.114 µm and 0.109 µm, respectively. It should be noted that the
size of the analysis area is approximately 100 µm × 180 µm. However, the bottom surface roughness of
the machined micro-groove produced by the CC process was 0.247 µm, which was more than two times
than the roughness in the UEVC process with TSR = 1/24 or TSR = 1/48. Therefore, the application
of the UEVC technology led to an obvious improvement of the machined micro-groove in surface
integrity, which was consistent with the experimental result from the research literature [33–37].
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Figure 9 presents the bottom surface roughness values of the machined micro-grooves produced
by different processing conditions. For each generated micro-groove, the bottom surface roughness
was tested five times and the recorded surface roughness was the average value. The measurement area
size was approximately 100 µm × 180 µm. It can be seen that the surface roughness value increased
quickly with the increase of the predetermined depth of the cut during the CC process. As discussed
above, many surface defects including irregular ridges, cavities and tearing marks appeared on the
machined micro-groove under the CC process. It is obvious that a bigger depth of the cut means larger
cutting forces and friction force, thereby resulting in the higher cutting temperature. The higher cutting
temperature caused more serious ruleless vibration of the tool and the material swelling and springback.
Thus, it can be inferred that more machining defects appeared on the generated micro-groove with the
increase of the predetermined depth of the cut. The appearance of above-observed machining defects
lower the surface quality of the generated micro-groove. However, the surface roughness values did
not obviously change with the increase of the predetermined depth of the cut during the UEVC process
with TSR = 1/24 or TSR = 1/48. The roughness values were approximately 0.1 µm. These results were
consistent with the previous discussion which stated that a significant suppression of the formation of
the surface defect was due to the use of the UEVC technology. The experimental results certified that
the reduction of material swelling and springback and the improvement of surface integrity could be
achieved simultaneously by using the UEVC technology.
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4. Conclusions

In this work, the UEVC technology is firstly introduced into the micro-groove machining of
Ti-6Al-4V alloy to improve the machining performance and reduce the level of material swelling and
springback, thereby realizing the high-quality and high-precision processing of micro-groove. Based
on the theoretical analysis and the experiment results, the main conclusions can be drawn as follows:

1. During the processing of the micro-groove on titanium alloy using the CC process, the clear,
obvious and straight swelling marks appeared on the bottom and the side of the generated
micro-groove. These facts implied that the material swelling and springback effect was very
obvious. Further, with the increase of the predetermined depth of the cut, the deviation of the
micro-groove width did not change significantly, while the deviation of the micro-groove depth
gradually increased. Moreover, the deviation of the profile radius of the micro-groove rapidly
increased with the increase of the predetermined depth of the cut. Remarkably, the profile shape
of the generated micro-groove was distorted, and deviated largely from the tool shape. Thus,
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the actual parameters of the micro-groove machined by the CC process greatly strayed from the
designed parameters.

2. During the processing of the micro-groove on titanium alloy using the UEVC process, no surface
defect and no swelling mark appeared on the machined surfaces of the generated micro-grooves.
The profile shape of the generated micro-grooves was smooth, and the profile became smoother
with the decrease of TSR. This indicated that the material swelling and springback effect was
obviously suppressed. As the predetermined depth of the cut increased, the deviations between
the designed parameters and experimental results of the micro-groove width, depth and the
profile radius did not significantly change. It is noticeable that, for all TSR, the percentage errors
of the generated micro-groove parameters were smaller than 5%, and were smaller than 2%
when TSR = 1/48 or TSR = 1/24. This indicated that the accuracy of the machined micro-groove
improved significantly by using the UEVC technology.

3. A series of surface defects including irregular ridges, cavities and tearing marks appeared on
the micro-groove machined by using the CC process, and these defects vastly degraded the
surface integrity and the accuracy of the generated micro-groove. In contrast, the generated
micro-grooves produced by the UEVC process displayed nearly no surface defects. Moreover, the
bottom surface roughness of the machined micro-grooves increased quickly with the increase of the
predetermined depth of the cut during the CC process. However, the bottom surfaces roughness
of the machined micro-grooves did not obviously change with the increase of the predetermined
depth of the cut during the UEVC process. The roughness values were approximately 0.1 µm,
when TSR = 1/48 or TSR = 1/24. Therefore, the application of the UEVC technology led to an
obvious improvement of the machined micro-groove in surface integrity.

4. The experimental results certified that the reduction of the material swelling and springback
and the improvement of surface integrity can be achieved simultaneously by using the UEVC
technology. The value of TSR has an obvious effect on the action mechanism of the UEVC
technology, and the decrease of TSR can further promote the superiority of the UEVC technology.
In this study, TSR = 1/24 is recommended. Further investigation should be made to obtain the
preferable machined surface by optimizing the combination of processing parameters with the
consideration of tool wear.
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Nomenclature

UEVC ultrasonic elliptical vibration assisted cutting
TSR the ratio of the nominal cutting speed to the peak horizontal vibration speed
a the vibration amplitudes in x-direction
b the vibration amplitudes in z-direction
aimax the maximal instantaneous uncut chip thickness
Vp the velocity of the chip flow
Lw the theoretical value of the micro-groove width
CC conventional cutting
PZT piezoelectric
Θ the phase shift of the 3rd longitudinal resonant and 6th bending resonant
VC the nominal cutting speed
F the vibration frequency
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ap the nominal instantaneous uncut chip thickness
Ld the theoretical value of the micro-groove depth
R the nose radius of the tool

References

1. Gao, H.; Liu, X. Stability Research Considering Non-Linear Change in the Machining of Titanium Thin-Walled
Parts. Materials 2019, 12, 2083. [CrossRef] [PubMed]

2. Astarita, A.; Durante, M.; Langella, A.; Squillace, A. Elevation of tribological properties of alloy Ti–6%Al–4%
upon formation of a rutile layer on the surface. Met. Sci. Heat Treat. 2013, 4, 662–666. [CrossRef]

3. Yadav, S.; Kumar, A.; Paramesh, T.; Sunita, K. A review on enhancement of wear resistance properties of
titanium alloy using nano-composite coating. IOP Conf. Ser. Mater. Sci. Eng. 2018, 455, 012120. [CrossRef]

4. Martinez, J.M.V.; Pedemonte, F.J.B.; Galvin, M.B.; Gomez, J.S.; Barcena, M.M. Sliding Wear Behavior of UNS
R56400 Titanium Alloy Samples Thermally Oxidized by Laser. Materials 2017, 10, 830. [CrossRef] [PubMed]

5. Yuan, W. Effect of the bionic morphologies on bio-tribological properties of surface-modified layers on ti6al4v
with Ni+/N+ implantation. Ind. Lubr. Tribol. 2018, 70, 325–330. [CrossRef]

6. Gachot, C.; Rosenkranz, A.; Hsu, S.M.; Costa, H.L. A critical assessment of surface texturing for friction and
wear improvement. Wear 2017, 372–373, 21–41. [CrossRef]

7. Dhupal, D.; Doloi, B.; Bhattacharyya, B. Pulsed Nd: YAG laser turning of micro-groove on aluminum oxide
ceramic (Al2O3). Int. J. Mach. Tools Manuf. 2008, 48, 236–248. [CrossRef]

8. Lim, H.S.; Wong, Y.S.; Rahman, M.; Lee, M.K.E. A study on the machining of high-aspect ratio micro-structures
using micro-EDM. J. Mater. Process. Technol. 2003, 140, 318–325. [CrossRef]

9. Zhou, X.; Qu, N.; Hou, Z.; Zhao, G. Electrochemical micromachining of microgroove arrays on phosphor
bronze surface for improving the tribological performance. Chin. J. Aeronaut. 2017, 31, 1609–1618. [CrossRef]

10. Xiaobin, D.; Tianfeng, Z.; Siqin, P.; Zhiqiang, L.; Qian, Y.; Benshuai, R.; Xibin, W. Defect analysis in microgroove
machining of nickel-phosphide plating by small cross-angle microgrooving. J. Nanomater. 2018, 1478649.
[CrossRef]

11. Zhang, C.; Guo, P.; Ehmann, K.F.; Li, Y. Turning of microgrooves both with and without aid of ultrasonic
elliptical vibration. Mater. Manuf. Process. 2015, 30, 1001–1009. [CrossRef]

12. Zhang, C.; Guo, P.; Ehmann, K.F.; Li, Y. Effects of ultrasonic vibrations in micro-groove turning. Ultrasonics
2016, 67, 30–40. [CrossRef] [PubMed]

13. Zhang, J.; Cui, T.; Ge, C.; Sui, Y.; Yang, H. Review of micro/nano machining by utilizing elliptical vibration
cutting. Int. J. Mach. Tools Manuf. 2016, 106, 109–126. [CrossRef]

14. Liu, D.; Zhang, Y.; Luo, M.; Zhang, D. Investigation of Tool Wear and Chip Morphology in Dry Trochoidal
Milling of Titanium Alloy Ti–6Al–4V. Materials 2019, 12, 1937. [CrossRef] [PubMed]

15. Tan, R.; Zhao, X.; Zhang, S.; Zou, X.; Guo, S.; Hu, Z.; Sun, T. Study on ultra-precision processing of Ti-6Al-4V
with different ultrasonic vibration assisted cutting modes. Mater. Manuf. Process. 2019, in press. [CrossRef]

16. Yip, W.S.; To, S. Reduction of material swelling and recovery of titanium alloys in diamond cutting by
magnetic field assistance. J. Alloys Compd. 2017, 722, 525–531. [CrossRef]

17. Revuru, R.S.; Posinasetti, N.R.; Vsn, V.R.; Amrita, M. Application of cutting fluids in machining of titanium
alloys-a review. Int. J. Adv. Manuf. Technol. 2017, 91, 2477–2498. [CrossRef]

18. Xiaoliang, L.; Zhanqiang, L.; Wentao, L.; Xiaojun, L. Sustainability assessment of dry turning Ti-6Al-4V
employing uncoated cemented carbide tools as clean manufacturing process. J. Clean. Prod. 2019, 214,
279–289. [CrossRef]

19. Sun, F.J.; Qu, S.G.; Pan, Y.X.; Li, X.Q.; Li, F.L. Effects of cutting parameters on dry machining Ti-6Al-4V alloy
with ultra-hard tools. Int. J. Adv. Manuf. Technol. 2015, 79, 351–360. [CrossRef]

20. Pramanik, A. Problems and solutions in machining of titanium alloys. Int. J. Adv. Manuf. Technol. 2014, 70,
919–928. [CrossRef]

21. Pereira, O.; Rodríguez, A.; Fernández-Abia, A.I.; Barreiro, J.; Lacalle, L.N.L.D. Cryogenic and minimum
quantity lubrication for an eco-efficiency turning of AISI 304. J. Clean. Prod. 2016, 139, 440–449. [CrossRef]

22. Maruda, R.W.; Krolczyk, G.M.; Feldshtein, E.; Pusavec, F.; Szydlowski, M.; Legutko, S.; Sobczak-Kupiec, A.
A study on droplets sizes, their distribution and heat exchange for minimum quantity cooling lubrication
(MQCL). Int. J. Mach. Tools Manuf. 2016, 100, 81–92. [CrossRef]

http://dx.doi.org/10.3390/ma12132083
http://www.ncbi.nlm.nih.gov/pubmed/31261633
http://dx.doi.org/10.1007/s11041-013-9567-y
http://dx.doi.org/10.1088/1757-899X/455/1/012120
http://dx.doi.org/10.3390/ma10070830
http://www.ncbi.nlm.nih.gov/pubmed/28773184
http://dx.doi.org/10.1108/ILT-08-2017-0233
http://dx.doi.org/10.1016/j.wear.2016.11.020
http://dx.doi.org/10.1016/j.ijmachtools.2007.08.016
http://dx.doi.org/10.1016/S0924-0136(03)00760-X
http://dx.doi.org/10.1016/j.cja.2017.12.007
http://dx.doi.org/10.1155/2018/1478649
http://dx.doi.org/10.1080/10426914.2015.1004692
http://dx.doi.org/10.1016/j.ultras.2015.12.016
http://www.ncbi.nlm.nih.gov/pubmed/26773790
http://dx.doi.org/10.1016/j.ijmachtools.2016.04.008
http://dx.doi.org/10.3390/ma12121937
http://www.ncbi.nlm.nih.gov/pubmed/31208127
http://dx.doi.org/10.1080/10426914.2019.1660788
http://dx.doi.org/10.1016/j.jallcom.2017.06.167
http://dx.doi.org/10.1007/s00170-016-9883-7
http://dx.doi.org/10.1016/j.jclepro.2018.12.196
http://dx.doi.org/10.1007/s00170-014-6717-3
http://dx.doi.org/10.1007/s00170-013-5326-x
http://dx.doi.org/10.1016/j.jclepro.2016.08.030
http://dx.doi.org/10.1016/j.ijmachtools.2015.10.008


Materials 2019, 12, 3086 15 of 15

23. Davoodi, B.; Tazehkandi, A.H. Experimental investigation and optimization of cutting parameters in dry
and wet machining of aluminum alloy 5083 in order to remove cutting fluid. J. Clean. Prod. 2014, 68, 234–242.
[CrossRef]

24. Klocke, F.; Settineri, L.; Lung, D.; Claudio Priarone, P.; Arft, M. High performance cutting of gamma titanium
aluminides: Influence of lubricoolant strategy on tool wear and surface integrity. Wear 2013, 302, 1136–1144.
[CrossRef]

25. Krolczyk, G.M.; Maruda, R.W.; Krolczyk, J.B.; Wojciechowski, S.; Mia, M.; Nieslony, P.; Budzik, G. Ecological
trends in machining as a key factor in sustainable production—A review. J. Clean. Prod. 2019, 218, 601–615.
[CrossRef]

26. Maruda, R.W.; Krolczyk, G.M.; Wojciechowski, S.; Zak, K.; Habrat, W.; Nieslony, P. Effects of extreme pressure
and anti-wear additives on surface topography and tool wear during MQCL turning of AISI 1045 steel.
J. Mech. Sci. Technol. 2018, 32, 1585–1591. [CrossRef]

27. Maruda, R.W.; Krolczyk, G.M.; Feldshtein, E.; Nieslony, P.; Tyliszczak, B.; Pusavec, F. Tool wear
characterizations in finish turning of AISI 1045 carbon steel for MQCL conditions. Wear 2017, 372, 54–67.
[CrossRef]

28. Gupta, M.K.; Jamil, M.; Wang, X.; Song, Q.; Liu, Z.; Mia, M.; Hegab, H.; Khan, A.M.; Collado, A.G.;
Pruncu, C.I.; et al. Performance Evaluation of Vegetable Oil-Based Nano-Cutting Fluids in Environmentally
Friendly Machining of Inconel-800 Alloy. Materials 2019, 12, 2792. [CrossRef] [PubMed]

29. Deiab, I.; Raza, S.W.; Pervaiz, S. Analysis of lubrication strategies for sustainable machining during turning
of titanium Ti-6Al-4V alloy. Procedia CIRP 2014, 17, 766–771. [CrossRef]

30. Shamoto, E.; Moriwaki, T. Ultaprecision Diamond Cutting of Hardened Steel by Applying Elliptical Vibration
Cutting. CIRP Ann.-Manuf. Technol. 1999, 48, 441–444. [CrossRef]

31. Xu, W.-X.; Zhang, L.-C. Ultrasonic vibration-assisted machining: Principle, design and application.
Adv. Manuf. 2015, 3, 173–192. [CrossRef]

32. Brehl, D.E.; Dow, T.A. Review of vibration-assisted machining. Precis. Eng. 2008, 32, 153–172. [CrossRef]
33. Kim, G.D.; Loh, B.G. Characteristics of Elliptical Vibration Cutting in Micro V-grooving with Variations of

Elliptical Cutting Locus and Excitation Frequency. J. Micromech. Microeng. 2008, 18, 025002. [CrossRef]
34. Kim, G.D.; Loh, B.G. An ultrasonic elliptical vibration cutting device for micro V-groove machining:

Kinematical analysis and micro V-groove machining characteristics. J. Mater. Process. Technol. 2007, 190,
181–188. [CrossRef]

35. Suzuki, N.; Masuda, S.; Haritani, M.; Shamoto, E. Ultraprecision micromachining of brittle materials by
applying ultrasonic elliptical vibration cutting. In Proceedings of the International Symposium on IEEE
Micro-Nanomecha-tronics and Human Science and the 4th Symposium Micro-Nanomecha-tronics for
Information-Based Society, Nagoya, Japan, 31 October–3 November 2004; pp. 133–138. [CrossRef]

36. Suzuki, N.; Haritani, M.; Yang, J.; Hino, R.; Shamoto, E. Elliptical Vibration Cutting of Tungsten Alloy Molds
for Optical Glass Parts. CIRP Ann.-Manuf. Technol. 2007, 56, 127–130. [CrossRef]

37. Kurniawan, R.; Kumaran, S.T.; Ali, S.; Nurcahyaningsih, D.A.; Kiswanto, G.; Ko, T.J. Experimental
and analytical study of ultrasonic elliptical vibration cutting on AISI 1045 for sustainable machining
of round-shaped microgroove pattern. Int. J. Adv. Manuf. Technol. 2018, 98, 2031–2055. [CrossRef]

38. To, S.; Cheung, C.F.; Lee, W.B. Influence of material swelling on surface roughness in diamond turning of
single crystals. Mater. Sci. Technol. 2001, 17, 102–108. [CrossRef]

39. Tan, R.; Zhao, X.; Zou, X.; Sun, T. A novel ultrasonic elliptical vibration cutting device based on a sandwiched
and symmetrical structure. Int. J. Adv. Manuf. Technol. 2018, 97, 1397–1406. [CrossRef]

40. Nath, C.; Rahman, M.; Neo, K.S. Machinability study of tungsten carbide using PCD tools under ultrasonic
elliptical vibration cutting. Int. J. Mach. Tools Manuf. 2009, 49, 1089–1095. [CrossRef]

41. Zhang, X.Q.; Liu, K.; Kumar, A.S.; Rahman, M. A study of the diamond tool wear suppression mechanism in
vibration-assisted machining of steel. J. Mater. Process. Technol. 2014, 214, 496–506. [CrossRef]

42. Zhang, J. Micro/Nano Machining of Steel and Tungsten Carbide Utilizing Elliptical Vibration Cutting
Technology. Ph.D. Thesis, Nagoya University, Nagoya, Japan, 2014.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jclepro.2013.12.056
http://dx.doi.org/10.1016/j.wear.2012.12.035
http://dx.doi.org/10.1016/j.jclepro.2019.02.017
http://dx.doi.org/10.1007/s12206-018-0313-7
http://dx.doi.org/10.1016/j.wear.2016.12.006
http://dx.doi.org/10.3390/ma12172792
http://www.ncbi.nlm.nih.gov/pubmed/31480236
http://dx.doi.org/10.1016/j.procir.2014.01.112
http://dx.doi.org/10.1016/S0007-8506(07)63222-3
http://dx.doi.org/10.1007/s40436-015-0115-4
http://dx.doi.org/10.1016/j.precisioneng.2007.08.003
http://dx.doi.org/10.1088/0960-1317/18/2/025002
http://dx.doi.org/10.1016/j.jmatprotec.2007.02.047
http://dx.doi.org/10.1109/MHS.2003.1249936
http://dx.doi.org/10.1016/j.cirp.2007.05.032
http://dx.doi.org/10.1007/s00170-018-2359-1
http://dx.doi.org/10.1179/026708301101509025
http://dx.doi.org/10.1007/s00170-018-2015-9
http://dx.doi.org/10.1016/j.ijmachtools.2009.07.006
http://dx.doi.org/10.1016/j.jmatprotec.2013.10.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	The UEVC Principle 
	Experimental Setup 

	Results and Discussion 
	Material Swelling and Springback 
	Surface Integrity 

	Conclusions 
	References

