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ABSTRACT

The surface roughness of mechanical parts plays an important role in evaluating the machining
performance. However, achieving fine surface finishes on small-diameter shafts through traditional lathes
poses challenges due to low cutting speed and workpiece stiffness. To address this issue, in the present
work, we applied ultrasonic-assisted vibration aligned with the cutting speed direction to enhance the
turning process of small shafts made of C40 Carbon steel or 201 stainless steel. The workpieces were
machined by Ultrasonic Assisted Turning (UAT) at three different cutting speeds, ranging from 15 to 36
m/min, while maintaining a constant feed rate and depth of cut. To facilitate comparison with conventional
turning (CT), the cutting parameters remained consistent, and both methods were performed for the same
duration. UAT necessitates the use of a specialized turning inserts’ fixture known as a horn to transmit
ultrasonic vibrations from the generator to the tooltip. This study also presents the design methodology
and the performance evaluation of the horn. Surface roughness was assessed using the arithmetical mean
height, Ra. In UAT, the roughness Ra exhibited the most significant reduction for C40 Carbon steel,
reaching a decrease of 308% at a cutting speed of 15 m/min, whereas for 201 stainless steel, Ra did not
vary by more than 23% across different cutting speeds.

Keywords-surface roughness; ultrasonic vibration; cutting speed direction; sampling frequency; laser
displacement sensor

I. INTRODUCTION
and quality of the final molded parts.

15068

the molding process, these pins contribute to the consistency

Small pins serve diverse functions in various industries,
encompassing pressure die casting, automotive and aerospace
manufacturing. In pressure die casting, these pins play the role
of ejecting the molded part from the mold cavity once the
molding cycle is over. Likewise, in injection molding, core pins
are utilized to create internal features or cavities within the
molded part. By inserting these pins into the mold cavity,
manufacturers achieve the desired shape and intricacies of the
final product. Moreover, small pins often serve as alignment
mechanisms in die assemblies, ensuring precise alignment
between die halves. By maintaining accurate alignment during

Machining these pins can be achieved through turning,
rolling, milling, and laser cutting [1]. Among these techniques,
turning is particularly prevalent due to the widespread
availability and affordability of machinery and the minimal
requirement for skilled labor. In addition, machine productivity
can be significantly improved when automation is
implemented. The primary motion of turning is the rotation of
the workpiece combined with the tool's translational motion to
shape the surface. The cutting speed, v., is calculated using
equation [2]:
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v, = 22 (m/min) (1

1000

where D,, is the diameter of the workpiece (mm) and # is the
rotational speed of the spindle (or workpiece) (rpm). In
addition, other important parameters, such as feed rate (f), cut
depth, as well as geometry and material of the cutting tool, also
influence machining quality and productivity [3-6].

Ultrasonic vibration can assist the turning process in three
ways: radial [7], feed rate [8], and cutting speed [9, 10]. The
application of vibration aims to create specially structured
surfaces [11] or reduce cutting force and tool wear [12, 13] for
improved machined surface quality and performance.
However, there are few studies that compare surface quality
across different materials when employing ultrasonic vibration-
assisted turning in the cutting speed direction for small shafts.
For example, the authors in [14, 15] only provide the models to
predict surface roughness when dry turning 6061-T6
Aluminum alloy and hard turning 080A67 steel. Therefore, the
purpose of this work is to elucidate the impact of ultrasonic
vibration on the turning process of C40 Carbon steel and 201
stainless steel. Farther, this study addresses the important
parameters of assisted ultrasonic vibration, including frequency
and vibration amplitude.

II. DESIGN THE HORN FOR ULTRASONIC
ASISSTED TURNING

A. Modal Analysis and Harmonic Response of the Horn

Vibration for assisting in machining is generated by an
alternating current generator operating at ultrasonic frequencies
to apply a strong electric field to piezoelectric ceramic material.
The material undergoes continuous compression and expansion
in response to the fluctuating electric fields, generating
mechanical vibrations. Assembled with front and back metal
blocks and securely fastened by bolts, piezoelectric ceramic
rings form ultrasonic piezoelectric transducers. The transducers
produce mechanical waves with frequencies that match those
of the electrical generator. However, the transmission of
vibrations from the transducer to the turning tool requires the
use of a horn. The horn, designed to resonate at the working
frequency of the transducer and the ultrasonic generator, plays
a crucial role in this process. Unlike rotary ultrasonic
machining, ultrasonic welding, or ultrasonic cleaning, the
design of the horn in ultrasonic assisted turning is often
complex, making analytical calculations impractical. Modal
analysis has therefore been employed for decades to determine
the horn's natural frequency and harmonic response, which
enables the prediction of vibration amplitudes at desired
surfaces.

To begin, a preliminary estimate of the horn length is made,
aiming for approximately half the wavelength using the
formula [16]:

v 1 |[E
LHorn - ; - ; ; 2

where v represents the sound speed in the horn (m/s), f is the
vibration frequency (1/s), while E and p stand for the Young’s
modulus (Pa) and the density of the horn material (kg/m3),

respectively. Therefore, selecting structural steel as the horn

material (with £ = 200 GPa and p = 7850 kg/m3) yields an
estimated length of 126.2 mm. However, this calculation
overlooks the presence of threaded holes, bolt, and turning
insert. After performing the modal analysis for the entire
system, the dimensions are adjusted accordingly, as depicted in
Figure 1(a). Figure 1(b) illustrates the modal analysis image of
the structure in Figure 1(a), featuring a turned insert
CCMTO09T304 made of Tungsten carbide (E = 634 GPa, p =
15.6 kg/dm’). It showcases a natural frequency of 19991 Hz at
the longitudinal vibration mode. Remarkably, according to
simulation, substituting the CCMT09T304 turning insert with
DNMG1504 results in a downward shift of the longitudinal
mode's natural frequency to 19554 Hz as seen in Figure 2.
Similarly, utilizing high-speed tool steel instead of Tungsten
carbide for the CCMTO09T304 insert yields a natural frequency
of 20070 Hz. Moreover, according to (2), the horn length varies
inversely with frequency for the same material, indicating that
to operate at higher frequencies, the horn length must be
shortened accordingly. Furthermore, the introduction of drilling
holes in the center of the horn induces a comparable effect to
shortening its length.
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Fig. 1. (a) Drawing of the horn’s structure, (b) Modal analysis of the horn
with CCMTO09T304.
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Fig. 2.

Modal analysis of the horn with DNMG1504 turning insert.

B. Experiment Measurement of Vibration Amplitude of
Turning Insert

The amplitude of the ultrasonic vibration depends on both
the power of the ultrasonic generator and the amplification of
the horn. Before initiating the Ultrasonic Assisted Turning
(UAT) process, it is necessary to accurately determine the
vibration amplitude to analyze the effects of UAT. The
vibration frequency is determined by the generator and the
natural frequency of both the transducer and horn systems,
which remains relatively stable. However, during the turning
process, the heat generated in the cutting zone induces changes
in material properties, leading to a subsequent decrease in the
working frequency. Measuring the vibration amplitude of the
horn in real-time and amidst temperature fluctuations poses
challenges. Therefore, simulation of the vibration amplitude
was conducted in the frequency domain. Figure 3 illustrates the
vibration amplitude around the resonant frequency of the horn.
At a frequency of 19990 Hz, the simulation result indicates an
amplitude of 14.9 um when the input vibration amplitude at the
end face of the 54 mm shaft is 6 um. Verification of the
vibration amplitude is carried out under laboratory conditions
using the laser sensor LK-H055, with a working range of 50 +
10 mm, repeatability of 0.025 um, and a sampling frequency of
392/200/100/50/20/10/5/2/1 kHz.

Figure 4 shows the practical setup for measuring amplitude
and the result of vibration amplitude measurements depicted as
a graph of distances at various sampling locations. Utilizing a
sampling frequency of 392 kHz (sampling cycle of 2.55 us),
which is approximately 20 times of the vibration period to be
measured (around 50 ps), enables efficient data collection. The
vertical distance from point A to point B is observed to be
twice the amplitude, while the vibration period corresponds to
the number of measuring points multiplied by 2.55 ps. The
actual measurement of vibration amplitude was recorded at
16.3 um, indicating a deviation of approximately 9.4%
compared to the simulation. This difference is considered
acceptable and is attributed to deviations in dimensions
between the actual sample and the drawings, as well as
variations in the material conditions and temperature.
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Fig. 3. Simulation of the amplitude of the vibration around the natural
frequency of the horn.
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Fig. 4. (a) Practical setup for measuring amplitude, (b) Distance versus
sampling points.

III.  RESULTS AND DISCUSSION

The shafts, made of C40 steel and 201 stainless steel with a
small diameter of around 9 mm, were machined on a traditional
lathe, the OKK Ramo, with a maximum spindle speed of 2000
rpm. To compare the surface roughness between UAT and
Conventional Turning (CT), the cutting parameters were
maintained constant: a feed rate of 0.1 mm/rev and a cutting
depth of 0.15 mm, while the cutting speed varied at 15, 24, and
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36 m/min. Given the susceptibility of small shafts to mounting
errors, which can induce vibrations, both UAT and CT
processes were conducted under identical mounting conditions.
Figure 5 depicts images of the shafts after turning at different
cutting speeds. Subsequently, the roughness was measured
using a Mitutoyo SJ301 roughness tester, as illustrated in
Figure 6.

C40 Carbon steel
1n=1300 r/min, D= 8.8 mm == v&= 36 m/min

C40 Carbon steel UAT

n =860 r/min, D = 8.8 mm => v= 24 m/min

C40 Carbon steel UAT
n =550 r/min, D= 8.8 mm=>ve= 15 m/min

201 stainless steel

n=1300 r/min, D= 8.8 mm => v&= 36 m/min

UAT CT
| n=860r/min. D =8.8 mm => ve= 24 m/min

201 stainless steel

| 201 stainless steel

. n=550r/min. D=8.8 mm=>ve= 15 m/min

Fig. 5. The shafts were turned at ap = 0.15 mm, f = 0.1 mm/rev, and
various cutting speeds.

Fig. 6. The 201 stainless steel shaft was measured with the Mitutoyo
surftest SJ301.

The charts in Figure 7 present the average results of three
measurements at each cutting speed. The authors in [17] have
reported surface roughness, Ra, values ranging from about 2.2
to 6 um when dry turning AISI 1040 steel at a cutting speed of

135 m/min, over a machining time of up to 40 minutes. For 201
stainless steel, according to [18], the Ra ranges from 1.66 to
2.21 pm when the cutting speed is between 37 and 870 m/min.
In addition, in [19], Ra ranging from 0.29 to 0.64 pum is
reported for turning 420 stainless steel using the optimal SiO,
nano-lubrication regime. These findings align with the surface
roughness results obtained from CT in our work. However,
slight differences were observed in the CT experiments for C40
steel, notably, the Ra improved by 63% as the cutting speed
increased from 15 to 36 m/min. For stainless steel, with the
same increase in cutting speed, Ra improved only by 22%.

This variance can be attributed to the significant influence
of cutting heat on surface roughness. The 201 stainless steel,
with a thermal conductivity of 16.2 W/mK, retains more heat
compared to C40 Carbon steel, which has a thermal
conductivity of 51.9 W/mK. As a result, during turning of
stainless steel, the generated heat primarily transfers to the tool
and chip, elevating temperatures in the cutting zone and
promoting chip adhesion to the workpiece and tool. On the
contrary, a substantial portion of cutting heat is absorbed by the
C40 steel workpiece, which retards the rise of the temperature
in the cutting zone and results in better surface roughness at
higher cutting speeds [20]. The application of UAT to C40
steel demonstrates a significant improvement in roughness
even at extremely low cutting speeds, but the same
phenomenon is not clearly observed in stainless steel.
Therefore, the effect of UAT on stainless steel is limited, since
satisfactory roughness is achieved at low cutting speeds.
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Fig. 7. Ra roughness parameter at various cutting speeds for: (a) C40
Carbon steel and (b) 201 stainless steel.

Figures 8 tol5 display the roughness profiles of the surfaces
machined by UAT and CT. Particularly, when machining with
UAT at low spindle rotation speeds, the roughness profile
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exhibits a widened shape at the bottom, whereas in CT, the
profile assumes a triangular shape resembling that of the
turning insert.
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Fig. 8. Roughness profile of C40 Carbon steel with UAT at 550 rpm (ve =
15 m/min), ap = 0.15 mm, f= 0.1 mm/rev.
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Fig. 9. Roughness profile of C40 Carbon steel with CT at 550 rpm (vc =
15 m/min), ap = 0.15 mm, f= 0.1 mm/rev.
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Fig. 10.  Roughness profile of C40 Carbon steel with UAT at 1300 rpm (vc
=36 m/min), ap = 0.15 mm, f=0.1 mm/rev.
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Fig. 11.  Roughness profile of C40 Carbon steel with CT at 1300 rpm (vc =
36 m/min), ap = 0.15 mm, f= 0.1 mm/rev.
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Fig. 12.  Roughness profile of 201 stainless steel with UAT at 550 rpm (vc

=15 m/min), ap = 0.15 mm, = 0.1 mm/rev.
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Fig. 13.  Roughness profile of 201 stainless steel with CT at 550 rpm (vc =
15 m/min), ap = 0.15 mm, f= 0.1 mm/rev.
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Fig. 14.  Roughness profile of 201 stainless steel with UAT at 1300 rpm (ve

=36 m/min), ap = 0.15 mm, f= 0.1 mm/rev.
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Fig. 15.  Roughness profile of 201 stainless steel with CT at 1300 rpm (vc =

36 m/min), ap = 0.15 mm, f=0.1 mm/rev.

IV. CONCLUSIONS

Based on the results of modal analysis, it becomes evident
that the natural frequency of the horn changes greatly with its
length and material. If the horn design in this study is changed,
for example, changing the material of turning insert
CCMTO09T304 from Tungsten carbide to high-speed tool steel,
the natural frequency of the whole system increases by 79 Hz
(from 19991 to 20070 Hz), and using turning insert DNMG15
instead of CCMT09T304 results in a reduction of the natural
frequency by 437 Hz (from 19991 to 19554 Hz). Controlling
vibration amplitude also poses challenges because it depends
greatly on the power generator and the horn's amplification
factor. Measuring vibration amplitude at high frequencies can
be used by laser displacement sensors, but requires a sampling
frequency of at least 10 times the frequency to be measured for
ensuring accurate measurement result.

Ultrasonic vibration has shown significant benefits in the
turning process of small shafts, such as those at 9 mm in
diameter, particularly evident in C40 Carbon steel. Here, the
surface roughness Ra was reduced more than four times, from
4.45 to 1.09 um, at a cutting speed of 15 m/min. With higher
cutting speeds, its influence is clearly reduced because the
additional cutting speed of ultrasonic vibration is not dominant
compared to the traditional cutting speed. Conversely, the
impact of ultrasonic vibration on 201 stainless steel is less
pronounced, because low surface roughness can already be
achieved at low cutting speeds.
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