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As titanium alloys such as Ti-6Al-4V provide sev-
eral benefits, including high-temperature strength and
high corrosion resistance, the demand for such mate-
rials has rapidly increased, particularly in the aircraft
industries. On the other hand, they are known to be
among the most difficult-to-cut materials due to their
mechanical and chemical properties, which make tool
life extremely short. In order to solve this problem,
this paper proposes a new cutting method employing
ultra-low-frequency (ULF) vibration. ULF vibration
ranges from less than 1 Hz to approximately 10 Hz
and is generated by using a numerically-controlled
machine tool axis and an NC program. The results
of turning experiments showed that the developed
method significantly reduces crater wear in the ma-
chining of Ti-6Al-4V, even under dry machining con-
ditions. Moreover, the mechanism that ULF vibration
affects and the effect of actual cutting time and non-
cutting time in each individual vibration period on the
amount of crater wear were investigated. As a result,
it was found that the developed process is a promising
method for achieving high performance dry machin-
ing of titanium alloys.

Keywords: cutting process, vibration assisted machin-
ing, tribology

1. Introduction

Ti-6Al-4V is one of the most important alloys of the
titanium alloys because it has unique properties such
as high specific strength and high corrosion resistance.
Therefore, the demand for such materials has rapidly in-
creased, particularly in the aircraft industries. On the
other hand, titanium alloys are known to be among the
most difficult-to-cut materials due to their mechanical and
chemical properties. Consequently, they make tool life
extremely short, especially under dry machining and high
speed machining conditions [1–3]. Accordingly, various
studies have been done, such as the ones on cryogenic
machining [4, 5] and high pressure coolants [6, 7]. How-
ever, these techniques require costly additional devices
and equipment, and dry machining without the use of any
cutting fluid has recently become desirable to reduce en-

       
(a) Cutting velocity direction (b) Feed direction

Fig. 1. Classification of vibration assisted machining.

vironmental load and production costs [8, 9].
To overcome this situation, we have proposed a new

cutting method focusing on vibration assisted machin-
ing (VAM). In VAM, small-amplitude vibration is applied
to a cutting tool or workpiece material to enhance cut-
ting performance and numerous studies regarding VAM
have been conducted. Generally, conventional VAM can
be classified into two types: vibration in the direction
of cutting velocity (cutting velocity direction, Fig. 1(a))
and vibration in the direction of tool-feed (feed direction,
Fig. 1(b)) [10, 11]. In either case, it is known that various
advantages can be obtained when the usual continuous
contact between the cutting tool and the workpiece mate-
rial is replaced by intermittent cutting [10, 12]. To realize
intermittent cutting through the application of vibration in
the cutting velocity direction, cutting speeds have to sat-
isfy the condition of ωA > V , where ω is the angular vi-
bration frequency, 2A is peak-to-peak amplitude and V is
cutting speed. Therefore, this kind of vibration machining
typically uses ultrasonic vibration and is only applied to
ultra-precision machining at very low cutting speeds [13–
15]. In addition, an advanced VAM process in the cutting
velocity direction, know as elliptical vibration cutting, has
been developed and successfully put to practical use [16–
18]; nevertheless, the application of this method is also
limited to ultra-precision machining for the same reason
described above. On the other hand, in the case of vi-
bration in the feed direction, various vibrations, including
those ranging from dozens of Hz to dozens of kHz, have
been employed [12, 19-23], resulting in the improvement
of surface integrity [19] and discrete chip formation [20–
22]. However, the application is still limited to conditions
with relatively low machining efficiency with low feed
rate, since the undeformed chip thickness has to be less
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Fig. 2. Setup of experiment.

Table 1. Cutting conditions.
 
 
 
 
 
 
 
 
 
 
 
 

Workpiece Ti-6Al-4V alloy  
(Initial diameter: 100 mm) 

Tool 
Cemented carbide P10,  
KW10 DCGW11T302 (Non-coated)
(KYOCERA Corp.) 

Tool geometry Rake angle  
Clearance angle 

0 degrees
10 degrees

Cutting speed 
Depth of cut 
Feed rate 
Cutting fluid 

100 m/min 
1 mm 
0.10 (mm/rev) 
Dry 

than 2A to realize intermittent cutting with discrete chip
formation.

In order to solve the above mentioned issues of conven-
tional vibration assisted machining and to achieve high
performance dry machining of titanium alloys, this pa-
per presents a new cutting method employing ultra-low-
frequency (ULF) vibration ranging from less than 1 Hz to
approximately 10 Hz in the feed direction generated by
using a numerically-controlled machine tool axis and an
NC program. A series of turning experiments was carried
out to show the performance of ULF vibration on the dry
machining of Ti-6Al-4V alloy, and the mechanism that
ULF vibration affects and optimum vibration conditions
were experimentally investigated.

2. Ultra-Low-Frequency Vibration Assisted
Machining

In conventional VAM, vibration is generated by adding
devices such as a piezoelectric or magnetorestrictive ac-
tuator [13, 14, 20], or a linear motor [21]. In contrast to
these methods, ULF vibration is directly generated by us-
ing a numerically-controlled machine tool axis and an NC
program without any devices. Fig. 2 shows the setup of
the experiment. As shown in this figure, turning experi-
ments employing a WC-Co cemented carbide cutting tool
(KYOCERA Corp., KW10 DCGW11T302: ISO P10-
type, uncoated tool) were conducted on Ti-6Al-4V alloy.
Table 1 lists the cutting conditions. Vibration in the feed
direction was applied to the Z-axis of a CNC lathe (DMG
MORI SEIKI CO., LTD; DuraTurn 2050). A dynamome-
ter (Leptrino Co., Ltd., MFS085CA152US) was set up un-

Fig. 3. Typical movement of cutting tool in ULF vibration
assisted machining.

der the cutting tool holder to measure three components
of the cutting forces, and a radiation thermometer (Japan
Sensor Corp., FTK9-R220R-2.5B11) was set up on the
tip of the cutting tool to measure the tool surface tem-
perature. The NC controller was connected to a PC via
a PCMCIA-LAN card, and position feedback data was
measured by using servo tuning software (FANUC corp.,
FANUC SERVO GUIDE) to detect the actual position of
the tool during the machining process.

Figure 3 shows a typical movement of a cutting tool in
ULF vibration assisted machining. As shown in this fig-
ure, the developed process consists of actual cutting time
and non-cutting time in each individual vibration; this re-
alizes intermittent cutting in turning operations. The vi-
bration waveforms, including the actual cutting time and
non-cutting time, can be controlled freely by changing
four input parameters in the NC program: amount of feed,
speed of feed, amount of return feed and speed of return
feed. A similar method has been proposed by Smith et
al. to provide chip breaking in turning operations [22].
We utilized this method to achieve high performance dry
machining of titanium alloys.

3. Performance of Ultra-Low-Frequency Vi-
bration Assisted Machining

3.1. Effect on Tool Wear
In order to clarify the effect of the proposed method,

dry machining experiments on Ti-6Al-4V alloy were con-
ducted. In these experiments, the actual cutting time and
non-cutting time in each vibration period were 0.15 sec
and 0.40 sec, respectively.

Figure 4 shows SEM images and 3-D geometries of
the tool rake face after 100 m of cutting. As shown in
Fig. 4(a), in the case of conventional machining without
vibration, there was severe crater wear and the maximum
depth of the crater wear was approximately 15 μm. On
the other hand, Fig. 4(b) confirms that, when ULF vi-
bration was imparted, the maximum depth of the crater
wear of the tool rake face was significantly reduced from
15 μm (obtained with the conventional tool) to 3 μm even
under the dry cutting condition. Although it has been rec-
ognized that the application of low and high frequency
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(a) Conventional machining without vibration

 
 
 
 
 
 
 
 

(b) ULF vibration assisted machining

Fig. 4. SEM images and 3-D geometries of tool rake face
after dry cutting for 100 m: (a) Conventional machining, (b)
ULF vibration machining.

vibrations improves various parameters in metal cutting,
the advantages of the vibration assisted machining are
mainly explained as resulting from the effects of the pen-
etration of cutting fluid into the tool-chip interface during
non-cutting time [20, 23]. In contrast, these results show
that the proposed method can significantly decrease the
amount of the crater wear even without the use of cutting
fluids.

3.2. Effect on Cutting Temperature
In order to identify the mechanism of the suppres-

sion of the tool wear in ULF vibration assisted machin-
ing, the cutting temperature was evaluated. As shown
in Fig. 2, a radiation thermometer (Japan Sensor Corp.,
FTK9-R220R-2.5B11) was set up on the tip of the cutting
tool and the temperature of the cutting tool surface was
measured at the moment the tool was released from the
workpiece. In these experiments, two different actual cut-
ting times, 0.15 sec/vib and 0.80 sec/vib, were selected.
The non cutting time was set to 0.40 sec/vib.

Figure 5 shows the maximum temperature of the tool
surface with and without vibration, and this figure indi-
cates that there was little difference among the three con-
ditions, while the vibration with the actual cutting time
of 0.15 sec/vib slightly reduced the tool surface temper-
ature. This can be attributed to the fact that ULF vibra-
tion has a relatively long actual cutting time compared
to that of conventional low frequency vibration assisted
machining and the cutting temperature reaches peak tem-
perature in conventional machining during each individ-
ual vibration. On the other hand, Fig. 6 shows the tran-
sition of the tool surface temperature immediately after
the tool was released from the workpiece in ULF vibra-
tion assisted machining. As this figure shows, the tem-
peratures in both vibration conditions rapidly decreased

 
Fig. 5. Maximum temperature of tool surface.

 

Fig. 6. Transition of tool surface temperature during non-
cutting time.

 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Expected temperature transition: conventional ma-
chining without vibration, conventional VAM and ULF vi-
bration assisted machining.

during the non-cutting time suggesting that the elevated
temperature, was cooled to close to the atmospheric tem-
perature in each individual vibration period without the
use of cutting fluid because the non-cutting time of ULF
vibration assisted machining was long enough for the tool
surface temperature to be cooled.

Figure 7 shows the expected temperature transition
during the machining process. It has been reported that
conventional vibration assisted machining, which em-
ploys low frequency vibration ranging from dozens to
thousands of Hz, has the effect of reducing the peak cut-
ting temperature compared with conventional machining
without vibration [21, 22]. In contrast to this, it is sup-
posed that ULF vibration can sufficiently decrease the tool
surface temperature due to the heat dissipation into the
atmosphere and tool substrate during non-cutting time,
leading to the suppression of thermal wear.
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(a) Cutting force in horizontal direction: Fp

(b) Cutting force in vertical direction: Fq

Fig. 8. Cutting forces in conventional and ULF vibration
assisted machining.

3.3. Effect on Cutting Force
In order to evaluate the effect of ULF vibration on

the cutting forces, three components of the cutting forces
were measured using a dynamometer (Leptrino Co., Ltd.,
MFS085CA152US) which was set up under the cutting
tool holder (Fig. 2). When the cutting forces were mea-
sured, the depth of cut was set to 0.5 mm to avoid chatter
vibration.

Figure 8 shows the cutting forces in the horizontal (Fp)
and vertical directions (Fq), respectively. As shown in
Fig. 8(a), there are no significant differences in the peak
values of Fp between the conventional and vibration as-
sisted machining (actual cutting time: 0.15 sec/vib, non-
cutting time: 0.40 sec/vib). On the other hand, Fig. 8(b)
indicates that ULF vibration slightly decreases the peak
values of Fq compared with the conventional machining.
Since the rake angle of the tool is 0◦, Fq can be regarded as
the component perpendicular to the tool rake face, which
is strongly influenced by the frictional properties at the
tool-chip interface. This result suggests that the friction
between the tool surface and the workpiece material de-
creased due to the vibration. It has been reported that the
frictional properties can be improved by the application of
conventional low frequency vibration, and the reason was
mainly explained as resulting from the penetration of cut-
ting fluids into the tool-chip interface during non-cutting
time [20, 23]. In contrast, the results show that ULF vibra-
tion can reduce friction even under dry machining condi-
tions.

Fig. 9. SEM with energy-dispersive X-ray analysis of tool
rake face after conventional machining (Left: SEM image
Right: EDX analysis at point A).

 
Fig. 10. Cutting forces in vertical direction in conventional
and ULF vibration assisted machining under inert gas con-
dition.

3.4. Effect on Generation of Oxide Film
Figure 9 shows SEM with energy-dispersive X-ray

analysis (SEM-EDX) of the tool rake face at point A
after the conventional machining without vibration. As
shown in this figure, titanium and aluminum, which are
the base materials of Ti-6Al-4V, were detected at the tool-
chip contact area of the rake face. This suggests that the
Ti-6Al-4V alloy severely adhered to the surface of the
cutting tool due to the high cutting temperature and high
chemical affinity of the titanium alloy. In addition, it is
supposed that the adhesion layer leads to diffusion and
adhesive wear, as is generally well known [2, 24], since
tungsten and cobalt, which are the base materials of the
tool, were also detected at the same point. Furthermore,
the peak of oxygen, which can be seen in the figure, in-
dicates that the adhesion layer generated on the rake face
was covered with oxide film. Moreover, Sasahara et al.
have pointed out that a low-frequency vibration of 50 Hz
generates a lubricant film on tool rake face and decreases
the friction in 70%Cu-30%Zn Brass and medium carbon
steel machining [25]. Therefore, it is expected that ULF
vibration assisted machining also promotes the generation
of the oxide film on the adhesions of Ti-6Al-4V alloy on
the tool rake face during non-cutting time, resulting in the
suppression of the crater wear and Fq, as described in the
previous section.

In order to evaluate whether ULF vibration has the ef-
fect of generating the oxide film or not, dry cutting exper-
iments under inert gas conditions were conducted. Dur-
ing the machining operation, argon gas at a pressure of
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0.4 MPa was discharged from two nozzles set on the tool
rake face side and tool flank face side. Other cutting con-
ditions were the same as those listed in Table 1. Fig. 10
shows the cutting force in the vertical direction (Fq), un-
der the argon gas condition. As shown in this figure, the
peak value of Fq in the vibration assisted machining was
substantially coincident with that in the conventional ma-
chining, in contrast to the results in the atmospheric envi-
ronment (Fig. 8). This result clearly shows that the ULF
vibration promotes the oxidization of the surface of the
adhesion layer on the tool rake face during non-cutting
time, leading to the suppression of the crater wear.

4. Optimization of Vibration Conditions

Since ULF vibration assisted machining contains non-
cutting time during the machining process, the machining
efficiency, e.g. material removal rate, is lower than that in
the conventional machining without vibration at the same
cutting speeds. Therefore, optimization of the vibration
conditions is important to the achievement of both high
performance and high efficiency machining in the dry ma-
chining of titanium alloys. In this chapter, the effect of the
actual cutting time and non-cutting time in each individual
vibration period on the amount of crater wear are investi-
gated with a view to optimizing the vibration conditions.

4.1. Influence of Actual Cutting Time
Figure 11 shows the relationship between the actual

cutting time in each individual vibration period and the
amount of the crater wear with three different non-cutting
times (0.40, 0.50, and 0.60 sec/vib) after 100 m of dry
machining. As shown in this figure, the amount of crater
wear increased in proportion to the increase in the actual
cutting time, and the amount of wear in the vibration as-
sisted machining became nearly equal to that in the con-
ventional machining when the actual cutting time was set
to 0.8 sec/vib. This is probably because when the actual
cutting time in each individual vibration period increases,
tribological and thermal behaviors in the vibration as-
sisted machining become closer to those in the conven-
tional machining without vibration. In addition, the oxide
film generated while the tool was released from the work-
piece might be removed during the actual cutting time,
resulting in the increase in diffusion and adhesive wear.

On the other hand, Fig. 11 also shows that there is
no significant difference in the amount of the crater wear
even when the non-cutting time increased.

4.2. Influence of Non-Cutting Time
Figure 12 shows the relationship between the non-

cutting time in each individual vibration period and the
amount of the crater wear with three different actual cut-
ting times (0.10, 0.15 and 0.30 sec/vib) after 100 m of dry
machining. When the actual cutting time was set to 0.10
sec/vib, non-cutting time was set to over 0.40 sec/vib, but
not under 0.40 sec/vib due to the limitation of the servo

 
Fig. 11. Relationship between actual cutting time and
amount of crater wear.

 
Fig. 12. Relationship between non-cutting time and amount
of crater wear.

performance. In contrast to the situation in Fig. 11, there
was no significant difference in the amount of the crater
wear even when the non-cutting time was changed. It was
also found that the wear amount depended on only the
length of the actual cutting time. This might be attributed
to the fact that the tool surface temperature can decrease
sufficiently in a relatively short non-cutting time because
the temperature is drastically reduced immediately af-
ter the tool is released from the workpiece, as shown in
Fig. 6. Moreover, it is supposed that the oxide film on
the adhesion layer also formes instantaneously during the
non-cutting time since Ti-6Al-4V alloy oxidizes easily at
high temperature.

These results indicate that ULF vibration assisted ma-
chining can suppress crater wear in the dry machining of
titanium alloys, even when the non-cutting time is short-
ened to a certain degree. This leads to the increase of
the material removal rate in the proposed machining pro-
cess. Fig. 13 compares the amount of crater wear in con-
ventional machining without vibration and ULF vibration
assisted machining employing one of the optimized vi-
bration conditions (actual cutting time: 0.15 sec/vib, non-
cutting time: 0.10 sec/vib), after 100 m of dry machining.
This figure confirms that the application of ULF vibration
suppresses the crater wear by more than 65%, while re-
ducing the decrease in cutting efficiency by approximately
40%, as compared with conventional machining without
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Fig. 13. Relationship between non-cutting time and amount
of crater wear.

vibration at the same cutting speed. These results indicate
that the developed process has great potential to achieve
high performance dry machining of titanium alloys.

5. Conclusion

In this study, a new cutting method employing ultra-
low-frequency vibration (ULF) generated by an NC pro-
gram was developed in order to achieve high performance
dry machining of titanium alloys. The findings of the
study are as follows:

(1) The application of ULF vibration is significantly ef-
fective in reducing crater wear in the dry machining
of titanium alloys.

(2) ULF vibration suppresses crater wear resulting from
the effect of reducing tool surface temperature and
generating oxide film on the adhesion of the work-
piece material while the tool is released from the
workpiece.

(3) The performance and efficiency of ULF vibration ma-
chining strongly correlate with the actual cutting time
and non-cutting time in each individual vibration.
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