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Abstract: This study presents the development of an ultrasonic transducer with a radius horn for an ultrasonic milling spindle
(UMS) system. The ultrasonic transducer was intended to have a working frequency of approximately 30 kHz. Two different
materials were considered in the study: stainless steel (SS 316L) and titanium alloy (Ti-6Al-4V). Titanium alloy gave a higher
resonance frequency (33 kHz) than stainless steel (30 kHz) under the same preload compression stress. An electromechanical
impedance simulation was carried out to predict the impedance resonance frequency for both materials, and the effect of the
overhanging toolbar was investigated. According to the electromechanical impedance simulation, the overhanging toolbar
length affected the resonance frequency, and the error was less than 3%. Harmonic analysis confirmed that the damping ratio
helps determine the resonance amplitude. Therefore, damping ratios of 0.015-0.020 and 0.005-0.020 were selected for stainless
steel and titanium alloy, respectively, with an error of less than 1.5%. Experimental machining was also performed to assess the
feasibility of ultrasonic-assisted milling; the result was a lesser cutting force and better surface topography of Al 6061.

Key words: Ultrasonic spindle; Ultrasonic vibration assisted-milling (UVAM); 1-degree of freedom (DOF); Frequency; Amplitude;
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1 Introduction the late 1950s, ultrasonic vibrators for vibration-assisted
cutting methods have developed rapidly (Zheng et al.,

Difficult-to-machine materials, such as ceramic  2020) for milling (Shen et al., 2012a), turning (Amini
(ALO,, SiC, and Zn0,) (Boccaccini, 1997) or nickel- et al., 2008), drilling (Jallageas et al., 2013), and grind-

based superalloys (inconel) (Choudhury and El-Baradie, ing (Li et al., 2017). As an alternative cutting method for
difficult materials, vibration-assisted cutting delivers

low cutting energy, little heat generation, low tool-
failure rate, and good surface integrity.

In vibration-assisted cutting, the ultrasonic vibra-
tor generally follows the principle of resonance (Zheng
et al., 2020), and has a rod-shaped bar with a typical
piezoelectric actuator. The general ultrasonic vibrator
components (e.g., piezoelectric transducer, booster,
and horn) are typically used in ultrasonic welding

1998), have poor machinability characteristics such
as minimal thermal conductivity and extreme tough-
ness, which produce excessive tool wear and poor
smoothness. Therefore, non-traditional machining like
vibration-assisted cutting is required for these materi-
als; it enhances their machinability (Wang et al., 2014).
Since the introduction of vibration-assisted cutting in

>4 Pil Wan HAN, pwhan@keri.re.kr

Tae Jo KO, tjko@yu.ac.kr (Kumar et al., 2017) or ultrasonic machining (USM)
Tae Jo KO, https://orcid.org/0000-0003-1465-696X (Thoe et al., 1998). The piezoelectric transducer is the
Received May 4, 2023; Revision accepted June 5, 2023; main source of vibration, in which the electrical exci-
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vibration under resonance conditions. The booster and
horn are used to amplify the vibration magnitude. The
cutter tip is generally affixed to the end of the horn,
where the magnitude is amplified. Generally, the reso-
nance frequency for an ultrasonic vibrator is greater
than 20 kHz (Kumar et al., 2017), while the oscilla-
tion magnitude is 0.1-20.0 um (Kremer et al., 1981).

The ultrasonic vibrator was used with ultrasonic
oscillation for optimal milling performance. Its design
principle is the same as that of an ultrasonic vibrator in
USM. Usually, it involves a milling cutter tool, ultra-
sonic horn, and ultrasonic transducer (Chen et al.,
2018), and vibrates only in one direction (1-degree of
freedom (DOF)). Ostasevicius et al. (2013) conducted
vibration-assisted milling using a vibrating milling tool
installed in the conventional milling spindle with a
standard arbor holder (DIN 6359). Their tool vibrated
in resonance mode at 14.05 and 18.40 kHz with differ-
ent milling-tool-cutter lengths of 74 and 96 mm, respec-
tively. The amplitude, based on experiments and simu-
lation, was approximately 1 um. Shen et al. (2012a)
developed a vibrator to vibrate the workpiece instead of
the milling cutter. Their vibrator operated at an ultra-
sonic frequency range of 19.58 kHz, and the vibrator
amplitude was extremely small (~0.4 pum). Commer-
cial rotary ultrasonic machines, such as Sonic-Mill
(series 10) (Zhang et al., 2014), DMG MORI (ultra-
sonic 20 linear) (Marcel et al., 2014; Kuruc, 2020), and
Altrasonic (Namlu et al., 2022), are already on the
market.

The design-scheme analysis of 1-DOF ultrasonic
transducers, for instance, the frequency analysis and
harmonic response analysis (HRA), becomes a stan-
dard analysis for evaluating or predicting dynamic per-
formance (Kandi et al., 2020; Bie et al., 2021; Chen
etal., 2022). Kandi et al. (2020) invented a 1-DOF ultra-
sonic vibratory tool for the turning method. However,
their transducer had a low resonance frequency, about
20 kHz, while the simulated amplitude was high, approx-
imately 44 um. Additionally, amplitude was not mea-
sured experimentally. Chen et al. (2022) developed a
similar 1-DOF ultrasonic transducer for an ultrasonic
welding system. The impedance frequency analysis
was thoroughly carried out under different loads. Nev-
ertheless, the resonance frequency was approximately
20 kHz, based on simulation and experimental verifi-
cation. The experimental amplitude was not discussed
in their report. Bie et al. (2021) proposed a 1-DOF
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ultrasonic transducer for ultrasonic-assisted grinding of
gear systems. The resonance frequency of their appa-
ratus was between 19 and 20 kHz and depended on the
geometrical dimensions of the gears. Their experimen-
tal amplitude was around 6.70 to 6.85 pum, which is
insufficient for high-speed cutting.

The finite-element (Jagadish and Ray, 2018; Kur-
niawan et al., 2019; Patel et al., 2021), transfer-matrix
(van Kervel and Thijssen, 1983; Cornogolub et al., 2014;
Wang L et al., 2018), impedance-circuit (Zhang Q et al.,
2015; Yang et al., 2017; Zhang JG et al., 2019), and
mechanical mass-spring-damper (MSD) (Babitsky et al.,
2004; Voronina and Babitsky, 2008; Wang and Tsai,
2011) methods are commonly used to determine the
resonance frequency in ultrasonic transducer develop-
ment. The transfer-matrix and MSD methods require
advanced analysis. It is not easy to evaluate the reso-
nance frequency if the geometry becomes complex. The
finite-element method (FEM) can overcome this prob-
lem because of its suitability for complex transducer
geometry. Resonance frequency can be obtained accu-
rately by modal simulation and the harmonic-response
method. However, electrical energy loss and tempera-
ture effect of the ultrasonic transducer are still major
challenges in FEM. Patel et al. (2021) developed an
ultrasonic horn based on FEM analysis of the modal
and harmonic simulation. Their hybrid horn performed
better than others. Amplitude (directional deformation)
and stress (von-Mises) are major output interests in
FEM. Meanwhile, impedance-circuit analysis has been
utilized for ultrasonic transducers in many ways since
Mason’s equivalent circuit (Bybi et al., 2019) was dis-
covered. Zhang et al. (2015) derived an electrome-
chanical impedance model for a longitudinal ultrasonic
transducer by considering the influence of piezoelec-
tric ceramic positioning and the effective electrome-
chanical coupling coefficient. Zhang et al. (2019) also
derived an electromechanical impedance model by con-
sidering the effect of tightening torques. While the elec-
tromechanical impedance has been derived, the effect
of the overhanging length (OL) and different materials
has not yet been investigated.

One-directional (1-DOF) and two-directional vibra-
tion (2-DOF) resonance transducers have been devel-
oped for milling/drilling/grinding. Geng et al. (2014,
2015) cut the carbon-fiber-reinforced-plastic (CFRP)
using a resonance transducer, which vibrated ellipti-
cally in rotary ultrasonic machine (RUM). Two groups
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of piezo transducers (PZTs) were used. The front cyl-
inder was titanium alloy and the back cylinder was
stainless steel. The coupling effect was created between
two bending-vibration modes. The group’s transducer
vibrated at 20.6 kHz with two similar bending ampli-
tudes of approximately 5 pum. Han and Zhang (2020)
conducted experiments on a resonance vibrator with a
similar frequency but higher amplitude than Zhang et al.
(2020)’s resonance vibrator. Liu et al. (2023) recently
developed a 2-DOF resonance transducer for applica-
tion in ultrasonic peening drilling. Their resonance
frequency was 21.38 kHz and their amplitude was 5 pm.
Moreover, resonance devices using the coupling effect
between two vibration modes have also been devel-
oped (for example between the longitudinal and tor-
sional modes). In general, the longitudinal vibration
mode is paired with the torsional vibration mode with
the help of a groove slot on the horn surface (Wu et al.,
2019; Chen et al., 2021). A similar concept of imple-
menting the groove slot on the horn surface is found
in a few other researchers’ designs (Liu et al., 2017,
Wang JJ et al., 2018; Zhao et al., 2019; Pang et al.,
2020, 2021; Li et al., 2021).

In addition to the 2-DOF design, a 3-DOF
resonance-transducer design for milling has been
reported (Gao and Altintas, 2019). The University of
British Columbia developed a 3-DOF resonance trans-
ducer for milling or drilling (Gao and Altintas, 2019).
This resonance vibrator fundamentally uses the princi-
ple of resonance coupling between longitudinal and two-
bending modes. The resonance-vibrator frequency was
roughly 17 kHz. However, the vibration amplitude was
high: 20—25 pm. Kurniawan et al. (2021) developed a
3-motion resonance vibrator which was not used for
milling. Instead, it was perfect for micro-grooving.
The structure of their vibrator, which uses a prismatic or
triangle pyramid horn, might not be suitable for rota-
tional operation because perfect balance during rotation
is not guaranteed. The working frequency was ade-
quate at ~24 kHz, but the vibration amplitude was very
small at 0.4—0.6 pum. Shamoto et al. (2005) developed
a 3-DOF resonance vibrator for surface sculpturing in
milling. Their vibrator used asymmetrical locations for
the PZT plates due to balancing problem; it might be
suitable only for low rotational speeds.

Although 1-, 2-, and 3-DOF resonance vibrators
already exist for milling or drilling, or even for grind-
ing, we were still interested in developing a 1-DOF

resonance vibrator. This study focuses on impedance
frequency and amplitude prediction, taking into con-
sideration the effect of the OL and the different mate-
rials used for parts. In amplitude prediction, damping-
ratio determination is still rarely carried out. Therefore,
the objective of this paper is to propose an impedance
and damping-ratio model to predict resonance frequency
and vibration amplitude, which incorporates the effect
of OL and different materials for a 1-DOF resonance
vibrator in milling-drilling operation.

2 1-DOF ultrasonic resonance transducer
design

Fig. 1 shows a typical design for a 1-DOF ultra-
sonic resonance transducer. It generally consists of a
horn and transducer (Thoe et al., 1998). In this study,
however, to decrease the amount of material and the
mass, we simplified Zhang et al. (2019)’s transducer
design. The toolbar behaves like an extension of the
horn, which has a relationship to the resonance fre-
quency. The device consisted of a back mass, radius
horn with flange, nut and collet, toolbar, and four
PZT-4 sets.

Modal simulation was carried out in ANSYS Aca-
demic version 19.2 to analyze the resonance frequency
during the process design. The fixed boundary condi-
tion had been given on the flange surface. The bound-
ary condition used in the modal analysis was similar to
the HRA. Table 1 inventories the physical properties
used to conduct modal analysis. In the process design,
the resonance frequency was set to 30 kHz when the tool-
bar was uninstalled. However, the 1st mode decreased
to approximately 20 kHz due to the added mass of the
steel toolbar. The effect of the toolbar must be consid-
ered because it is used for milling/drilling. Fig. 2 and
Table 2 show the outcomes of the modal simulation in
ANSYS with a transducer made from different materi-
als. We found that if the device works based on the
Ist longitudinal mode (Fig. 1b), the resonance fre-
quency is very low (lower than 25 kHz). If the device
works based on the 2nd longitudinal mode (Fig. 1c),
the frequency is more than 25 kHz.

The OL of the toolbar affects the resonance fre-
quency of the transducer (Fig. 2), which decreases when
the toolbar length increases. In this study, we investi-
gated two materials, titanium alloy (Ti-6Al-4V) and
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Fig. 1 Design of a 1-DOF ultrasonic resonance transducer made of SS 316L or Ti-6Al-4V: (a) schematic diagram; (b) 1st

longitudinal mode; (c) 2nd longitudinal mode. L: length; D: diameter. Subscripts: B: screw bolt; P: piezoelectric ceramic
actuator; T: toolbar; F: front mass; H: horn; C: collet & nut

Table 1 Material properties of the 1-DOF component for modal and harmonic analysis

Mass density, Young’s modulus, Poisson’s

Part Material p (kg/m®) E (N/m®) ratio, v
Radius horn/back mass (ANSYS database) SS 316L 8027 2.00x10" 0.265
Ti-6A1-4V 4430 1.05x10" 0.310
Toolbar/screw bolt (ANSYS database) Structural steel 7850 2.00x10" 0.300
Piezoelectric actuators (Deangelis and Schulze, 2016) PZT-4 7650 5.89x10" 0.310
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Fig. 2 Modal analysis frequency for the 1st and 2nd modes with SS 316L (a) and Ti-6Al-4V (b)

stainless steel (SS 316L), to determine which would alloy gave a higher resonance frequency than stain-
perform better. It can be seen from Table 2 that titanium  less steel.
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Table 2 Modal results corresponding to Fig. 2

Frequency (Hz)

Stainless steel Titanium alloy

OL (mm) (SS 316L) (Ti-6A1-4V)
Istmode 2ndmode Istmode 2nd mode
30 24.416 35.909 20.972 38.308
35 23.828 33.764 20.571 34.805
40 23.053 31.584 20.090 31.774
45 22.030 29.977 19.554 29.480

3 Harmonic response analysis

The amplitude output on the tip of the rod bar was
predicted by carrying out HRA (Namlu et al., 2022)
during excitation by different voltages. The HRA was
performed using the Academic version 19.2 of ANSYS.
HRA can produce a frequency response function (FRF)
graph, which allows frequency and amplitude to be
investigated. In this analysis, however, the amplitude
becomes a major concern. Nevertheless, the peak fre-
quency is not a concern because the value is close to
that in the experiment described in Section 6.2.

Fig. 3 shows the boundary conditions for the HRA
using PZT add-ins. The material properties in the HRA
are similar within those in the modal analysis (Table 1).
The PZT add-ins (application customization toolkit
(ACT) piezo and MEMS version 190.1) was installed
to give boundary conditions to the piezoelectric body.
We chose a 40-mm OL rod bar because the maximum
resonance amplitude was measured within 40—43 mm
(Section 6.2). We chose ANSYS standard meshing
with an element number of 12422 and node number

Constraint

Fig. 3 Boundary conditions for the HRA using PZT add-ins

of 27766, taking into consideration the fact that the
Academic version 19.2 has limitations with regard
to generating detailed meshing. A fixed constraint on
the flange surface was given, because the experiment
was clamped in the spindle structure. The piezoelectric
body of PZT-4 was chosen for 4-piezo. The charge
constant, compliance, elastic, and strain (Othmani et al.,
2020) for PZT-4 are given in Section S1 of the elec-
tronic supplementary materials (ESM). The output of
the harmonic response was set on the tip of the rod
bar, as shown in Fig. 3.

4 Electromechanical impedance modeling

The electromechanical impedance method was
adopted to predict the resonance frequency from the
impedance resonance frequency because it gives an
effective solution (McBrearty et al., 1988). We adopted
Zhang et al. (2019)’s impedance model of an ultrasonic
transducer with slight modifications to the transducer
structure, shape, and configuration. Each component
for the electromechanical impedance method could be
described as a T-shaped impedance structure.

4.1 Electromechanical impedance of PZT

In the case of a piezo material, the impedance cir-
cuit is in series with an electromechanical transformer
because the secondary winding is coupled with the
primary winding by static capacitance C,, voltage input
V., and current /, as shown in Fig. 4. The static capaci-
tance value of the piezoelectric ceramic C, (Al Ahmad
and Plana, 2009) is described by Eq. (1).

Comnyely i, (M)

where n, is equal to the number of piezoelectric ceramic
actuators installed; 3, is equivalent to the permittivity;
A, is the cross-section area of PZT, which is equiva-

lentto 4,= %n(Dﬁ—Df). D, is the PZT outer diam-

eter and D, is the PZT inner diameter. L, is the PZT
thickness. The electromechanical conversion coeffi-
cient N can be expressed as in Eq. (2) (Li et al.,
2022).

o]

N
N=n, st L, 2)

P

@
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Fig. 4 Equivalent impedance circuit for the piezoceramic
stack and screw bolt. N: piezoelectric coupling factor
(electromechanical conversion coefficient); Z: impedance
factor, with a T-shaped impedance configuration. Subscripts:
L indicates left, R indicates right, and M indicates middle

where d; is equal to the PZT charge constant; S5 is
equal to the PZT elastic compliance; #, is equal to the
number of PZT stacks; L, is equal to the total length
of the PZT stack.

Thus, the equivalent impedance circuit (Egs. (3)—
(6)) for piezoceramic ceramic stacks, including the
screw bolt, is shown in Fig. 4 (Lin et al., 2018). j is the
complex number.

B, .
Zf:Zf:jZoBtan(T ’;"L‘)), (3)
Py
Zi=2{=]Z; tan( ‘ ’12" L, ), “4)
ZB
v/ R — s
: jsin(z%n,L,) )
P
Z=—2 (©)

j sin(r"'nplo) '

where the specific acoustic impedances Z; and Z;
are the multiplications of the density p with the acous-

tic velocity of the material ¢=\/E/p and the total
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cross-section area 4 between a screw bolt and PZT,
respectively. Thus, the specific acoustic impedance Z;
can also be described by Eq. (7), where the super-
script i is either for B or P.

Zi=p-cA. 7

The material propagation constant ' can be de-
scribed by Eq. (8), where the superscript i is either for
B or P; w=2nf, and f is the frequency based on the
sampling data from 16 to 50 kHz for the frequency-
response function.

=2, (8)

4.2 Electromechanical impedance transducer

Fig. 5 illustrates that each component of the electro-
mechanical impedance can be described as a T-shaped
impedance structure. Here, Z; denotes the total corre-
sponding impedance for the PZT left-side region, as
described by Eq. (9); Z, denotes the total corresponding
impedance for the PZT right-side region, as described
by Eq. (10). For the left side, it consists of the left
impedance of PZT (Z)), the left impedance of the screw
bolt (ZP), and the equivalent impedance of the back
mass (Z™), which is described in Section S1 of the
ESM; for the right side, it consists of the right imped-
ance of PZT (Zy), the right impedance of the screw
bolt (Z5), and the total corresponding impedance of the
radius horn, nut and collet, and cutting tool (Z,). Zj,
is described in Section S1 of the ESM.

Z =7Z'+ZP+ 7, 9)
Zo=Za+ 23+ 7. (10)

Therefore, the total mechanical impedance Z,, is
expressed by Eq. (11).

Z.=Z3+7Z%+ (11

VAV
Zo+Z, |’

where Z) is determined by Eq. (5), Zy, is determined
by Eq. (6), Z, is determined by Eq. (9), and Z; is de-
termined by Eq. (10). Then, the electromechanical cor-
responding impedance Z, can be expressed by Eq. (12)
(Zhang et al., 2019).
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Fig. 5 Equivalent circuit model with T-type equivalent impedance structure

_ Z xN*Z,

267w 12
Z.+N*Z, (12)

e B

where Z. is the impedance of the capacitance, which
is expressed by Eq. (13). N is determined by Eq. (2),
and Z, by Eq. (11).

1

= (13)

Z.

where w is the angular frequency (w=2mnf) and C, is
determined by Eq. (1).

4.3 Electromechanical impedance of the solid
structure

Our ultrasonic transducer consisted of solid struc-
tures, including the radius horn, back mass, collet and
nut, toolbar, and screw bolt. The back mass, toolbar,
and screw bolt had a solid structure and a cylindrical
shape. Table S1 in the ESM lists the typical acoustic
impedance equation for the T-shape impedance struc-
ture for the exponential and cylindrical shapes.

In the case of the radius horn, we simplified its
profile from a radius shape to an exponential shape. As
shown in Fig. 6a, the real shape of the radius horn was
close enough to the exponential equation, which rep-
resents the exponential horn. Based on the data graphed
in Fig. 6a, the exponential equation is y=7.107¢e 4",

8
(a) 7 j = Real horn shape (b)
g |\ — Fitting shape Collet & nut real shape
£5 2\ y=7.107exp(-0.4999x) ﬁ:l
€ 4 .
: 3 Radius horn Collet & nut
2 'VX simplified shape
1 Lp ,,,,, = E:I
y
0 :
0 2 4 6 8 10 12 Eox
X (Mmm)

Fig. 6 Simplification of the horn profile (a) and nut clamping
(b)

The nut and collet structure was hard to analyze. With-
out losing the original shape, the simplification for nut-
clamping was made, as shown in Fig. 6b. The shapes
of all the nuts and collets were simplified to be cylindri-
cal. Therefore, we used the acoustic impedance equation
in Table S1 of the ESM for the simulation. Table 3 lists
the material properties and dimensions used for the
electromechanical impedance modeling. Typically, the
properties of stainless steel are similar to those of
common steel (Zhang et al., 2019). The simulated
impedance result is described in detail in Section 6.

5 Experimental setup
5.1 Experimental impedance setup

The preload compression stress was applied with
a torque wrench, and the compression stress was
measured using a piezo clamping device, which was
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Table 3 Material properties used in the electromechanical impedance modeling

Material Density (kg/m’) Poisson’s ratio Property
PZT-4 (Zhang et al., 2019) 7700 0.25 d,;=270(1-0.0003;j) pC/N,
SE=2x10"(1-0.0012) m¥/N
e1,=1300 x &,
£,=8.8452x 107 F/m
Screw bolt (steel) (Zhang et al., 2019) 8000 0.28 E=2.00x10"(1+0.001j) N/m
Screw bolt (Ti-6AL-4V) 4430 031 E=1.05x10"(1+0.001j) N/m?
Back mass (steel) (Zhang et al., 2019) 8000 0.28 E=2.00x10"(1+0.001j) N/m’
Back mass (Ti-6A1-4V) 4430 031 E=1.05x10"(1+0.001j) N/m’
Front mass & flange (steel) (Zhang et al., 2019) 8000 0.28 E=2.00x10"(1+0.001j) N/m’
Front mass & flange (Ti-6Al-4V) 4430 0.31 E=1.05x10"(1+0.001j) N/m’
Horn (steel) (Zhang et al., 2019) 8000 0.28 E=2.00x10"(1+0.001j) N/m’
Horn (Ti-6A1-4V) 4430 031 E=1.05x10"(1+0.001j) N/m’
Clamping nut (steel) (Zhang et al., 2019) 8000 0.28 E=2.00x10"(1+0.001j) N/’
Cutting tool (HSS) (Noda et al., 2017) 7600 0.28 E=2.33x10"(1+0.01j) N/m’

HSS: high-speed steel; ,: permittivity constant

targeted to a specific value (e.g., 2 MPa). The preload
compression stress ranged from 2 to 20 MPa. We tested
the free condition (unclamped) and the clamped con-
dition on the jig to determine whether there was a sig-
nificant frequency change. For the unclamped condi-
tion, the ultrasonic transducer was placed on soft foam.
We utilized an impedance analyzer (type PV520A)
made by Hangzhou Precision Machinery Co. Ltd.,
China to check the FRF impedance of the ultrasonic
transducer with different preload compression-stress
levels. We also investigated the effect of the OL of the
toolbar. The mass of the toolbar rod was approximately
13.32 g, with a maximum length of 60 mm; the rod-bar
material was HSS.

5.2 Experimental amplitude setup

Fig. 7 presents the experimental amplitude setup
for the ultrasonic transducer, in which an overhanging
toolbar was installed. The excitation voltage was gen-
erated using a USG-2A ultrasonic generator (Hybrid Pre-
cision Corp., Republic of Korea). The generator gave an
input voltage in a square waveform, and peak-to-peak
voltages of 100, 200, and 300 V were generated. We
used a data-acquisition (DAQ) type USB-6363 created
by National Instruments (NI), USA to record the ampli-
tude from the optical fiber sensor amplifier. The optical
fiber sensor was placed on the tip of the tool rod bar,
and the OL effect was evaluated. The effect of the over-
hanging tool rod bar was analyzed by specifying a
length of 30—50 mm with the total rod bar length of
60 mm.

DAQ NI USB-6363
LabVIEW .

(amplltude) .

= “m\

- .

lav oV i"¥E),

ptlcal flber sensor| 2N A “ Ultrasomc generator
Oscnloscope o

@ Toolbar rod - F

Ultrasonic transducer

Fig. 7 Experimental setup for amplitude measurement

5.3 Experimental milling setup

Fig. 8 shows the experimental ultrasonic vibration-
assisted milling (UVAM) setup with an ultrasonic trans-
ducer of titanium alloy (Ti-6Al-4V), selected due to its
superior vibration characteristics. A machining experi-
ment on a ductile material such as aluminum alloy
(Al 6061), was essential for examining the feasibility
of the ultrasonic transducer. The force was captured
using a dynamometer KISTLER type 9257 A, and the
DAQ 6363 was used to record force fluctuation after
amplification. The trials were carried out three times
for each parameter. The three-phase inverter generated
an excitation voltage to rotate the induction motor for
the built-in spindle motor. We used the USG-2A ultra-
sonic generator, and the ultrasonic input voltage was
approximately 100 V. Constant amplitude and ultra-
sonic frequency were maintained. The machined surface
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DAQ NI USB-
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6363

1

Dynamometer KISTLER [9257A]

Fig. 8 UVAM cutting diagram and experimental cutting setup

roughness after slot milling was quantified using a
Mitutoyo roughness tester (SJ-310). We also assessed
the 3D surface profile using a Nanosystem 3D surface
measurement system (NV-2000).

Table 4 lists the UVAM parameters used to test
the feasibility of the ultrasonic transducer. The test was
conducted for a slot-milling case at three feed rates
(50, 100, and 150 mm/min). The spindle rotation was
set at about 3000 r/min. We applied HSS conventional
end milling with four flutes made by the YG-1 tool
company (E2412906K). The end-mill diameter size was
6 mm. The measured tool-edge radius 7, was approx-
imately 11.72 um and was examined using an Alicona
EdgeMaster (Fig. 8). The end-milling mass was approx-
imately 11.76 g owing to the milling-tool shape geom-
etry, which may have affected the vibration frequency
due to the mass effect, which was lower than that of the
HSS tester rod bar (13.32 g). Therefore, when HSS end
milling was used, the ultrasonic frequency was approx-
imately 32.64 kHz, and the amplitude was approxi-
mately 14.2 um. The frequency and amplitude were
slightly higher than those when the HSS tester rod
bar with an OL of 37 mm was used. The ultrasonic

KISTLER dynamometer
amplifier (3 channels)

Table 4 Experimental UVAM setup

Parameter Value
CM UVAM
Rotational speed 3000 3000
(r/min)
Cutting speed 56.52 56.52
(m/min)
Feed rate (mm/mm) 50, 100, 150 50, 100, 150
Axial depth of cut 0.5 0.5
(mm)
Radial depth of cut 6 6
(mm)
Ultrasonic - 32.64
frequency (kHz)
Vibration - 14.2
amplitude (um)
Workpiece material Aluminum alloy  Aluminum alloy
(A16061) (A16061)
Cooling condition Dry (without Dry (without
coolant) coolant)

End-milling tool HSS; four flutes;
D: 6 mm; no

coating; 7,,.:

11.72 pm; mass:

1176 g

HSS; four flutes;
D: 6 mm; no
coating; 7,,.:
11.72 pm; mass:
11.76 g

CM: conventional-milling



frequency was approximately 32.54 kHz, and the ampli-
tude was approximately 13.47 um (transducer material:
titanium alloy; input voltage: 100 V) when the HSS
tester rod bar was used (Fig. 13). We chose an over-
hang of 37 mm to decrease the effect of chatter vibra-
tion (Xia et al., 2020).

6 Results and discussion
6.1 Impedance results

Fig. 9 shows the typical FRF impedance of the
ultrasonic transducer with a maximum compression

(a) Anti-resonance
Shl Z (35704.0 Hz) — —

[0}
8 716000.0 40000.0
o Resonance F (Hz)
(30308.8 Hz)
-90°
(b) Anti-resonance
00° T4 (36016.0 Hz) —  ——
Py f
g 16000. 0Resonance 40000 0
(30419.2 Hz F(Hz)
—9()? pmn=n
(c) 7 Anti-resonance
20° (38188.0 Hz) ———
Y
@
jo 16000 0
o

Resonance 40000 0
(33280.0 Hz)
-90°

(d) 7 Anti-resonance
00° | (38584.0 Hz) —————
2 d
g 16000.0 Resonance : 40000.0
(33414.4 Hz) F (Hz)
7900 A

Fig. 9 Typical unclamped (a and c¢) and clamped (b and d)
FRF impedance Z of ultrasonic transducer for stainless steel
(a and b) and titanium alloy (c and d) under a preload stress
of 20 MPa. F, is the average frequency value between
resonance and anti-resonance frequencies. References to
color refer to the online version of this figure
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stress of 20 MPa. The impedance FRF was swept from
16 to 40 kHz. A similar pattern of a typical FRF imped-
ance can be found elsewhere (Milewski et al., 2015;
Pérez-Sanchez et al., 2020). Fig. 9 shows the differ-
ences in the impedance FRF between unclamped and
clamped for both stainless steel (Figs. 9a and 9b) and
titanium alloy (Figs. 9c and 9d). In Fig. 9, the red line
symbolizes the impedance magnitude, and the blue line
represents the phase shift. In the FRF impedance, the
higher and lower magnitudes indicate the anti-resonance
and resonance frequencies, respectively. It is clear that
for both materials, the frequencies become slightly
higher when the ultrasonic transducer is clamped. These
results indicate that the vibration characteristics improve
due to higher rigidity/stiffness during clamping. On
the other hand, there is a slight noise occurrence (tiny
ripple) when it is clamped. The reason might be that the
traveled acoustic vibration is a bit disturbed, but it not
substantially. Therefore, the nodal point of the ultra-
sonic transducer is located near the flange.

Fig. 10 presents the results for preload compres-
sion stress vs. frequency. If an insufficient preload is

(a) 32000 -
31000 -
30000 -

y=-0.2111x*+11.479x>-232.81x?+2183.8x+21659,
R?=0.9980

2 4 6 8 10 12 14 16 18 20 22
Compression stress (MPa)

(b) 32000 -
31000}
30000}

29000

£ 28000]

27000}

26000 |

25000

24000}

23000}

22000,

Frequency

y=-0.2249x"+12.354x>-251.82x?+2347 .9x+21298,
R?=0.9976

2 4 6 8 10 12 14 16
Compression stress (MPa)

18 20 22

Fig. 10 Compression preload stress vs. frequency of the
ultrasonic transducer (stainless steel): (a) unclamped; (b)
clamped
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applied, the frequency will be low, and the amplitude
will be insufficient because the piezoelectric ceramic
oscillates freely between solid bodies. On the other
hand, if excessive prestress is applied, piezoceramic
fracture might occur and the bolt becomes twisted dur-
ing assembly (DeAngelis et al., 2015). A sufficient pre-
load stress is required during assembly. Thus, the pat-
tern in Fig. 10 shows that the frequency remains rela-
tively constant if sufficient preload has been obtained.
In this study, 20 MPa was an effective preload com-
pression stress. According to DeAngelis et al. (2015),
the sufficient compression stress of a Langevin trans-
ducer is between 30 and 60 MPa. Nevertheless, we
found that the effective compression stress was lower
than the recommended value and depended on the PZT
type, material friction, thread engagement, bolt, and
horn material. In addition, the difference in resonance
frequency between the unclamped and clamped condi-
tions was not notable in terms of pattern curve with
variation of the preload compression stress (Fig. 10).
However, as discussed above, the resonance frequency
in the clamped state was slightly higher than that in
the unclamped state due to a slight increase in rigidity/
stiffness when it was clamped. Table 5 lists the final
resonance frequency results of 20 MPa for stainless
steel and titanium alloy transducer materials. Titanium
alloy material had a higher frequency.

Table S Resonance frequencies under a final compression
preload stress of 20 MPa

Resonance frequency (Hz)

Preload

stress (MPa) Stainless steel

Titanium alloy

Unclamped Clamped Unclamped Clamped
20 30308.8 30419.2  33280.0 334144

Fig. 11 compares the simulated and experimen-
tal FRF impedance values for stainless steel and tita-
nium, with the effect of an overhanging toolbar length
between 40 and 50 mm. Table 6 lists the final summary

impedance resonance frequencies for the simulation
and experiment. One can see from Figs. 11 and 12 that
the simulated FRF values for stainless steel and titanium
alloy correspond well with those in the experiment.
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Fig. 11 Comparison between simulated and experimental
FRF impedance of an ultrasonic transducer (stainless steel)
(OL: 40-50 mm): (a) simulation; (b) experiment

Table 6 Simulated and experimental impedance resonance frequencies of the ultrasonic transducer

Stainless steel

Titanium alloy

OL (mm) Simulated Experimental Error (%) Simulated Experimental Error (%)
frequency (kHz) frequency (kHz) frequency (kHz) frequency (kHz)
40 31.519 31.483 0.11 32.300 32.320 0.06
43 30.260 30.259 0.003 30.770 30.620 0.48
45 29.341 29.430 0.30 29.750 29.600 0.51
47 28.422 28.750 1.14 28.790 28.750 0.14
50 27.095 27.900 2.89 27.400 27.390 0.04
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Fig. 12 Comparison between simulated and experimental
FRF impedance of an ultrasonic transducer (titanium
alloy) (OL: 40-50 mm): (a) simulation; (b) experiment

There are two peaks for each FRF impedance. The
first resonance occurred because of the OL. As the
OL increased, the first resonance moved to the left
and the frequency became lower, which indicates
that the OL increases the half acoustic wavelength

A
(L: 7= 26}) (Pérez-Sanchez et al., 2020). Hence, the

frequency decreased from 31.5 to 27.0 kHz for stain-
less steel and from 32.0 to 27.0 kHz for titanium alloy.
In addition, the secondary frequency for titanium alloy
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was significantly higher than that for stainless steel,
as shown in Figs. 11 and 12. Table 6 shows that the
discrepancy between the simulation and experiment
was small (~3%). These results indicate that the imped-
ance simulation model can predict the resonance fre-
quency of the ultrasonic transducer. However, the model
does not consider the effect of the cutting load dur-
ing machining, and the resonance frequency might
differ with a cutting load. The model can therefore be
improved by incorporating this factor.

6.2 Amplitude measurement and harmonic
amplitude prediction results

The measured amplitude shows an interesting
pattern for both stainless steel (Fig. 13a) and titanium
alloy (Fig. 13b), with an OL between 30 and 50 mm.
We investigated the effects of input voltages (100, 200,
and 300 V). Fig. 13c shows the typical measured ampli-
tude with different input voltages and an OL of 40 mm,
for stainless steel. The measured amplitude was stable in
the sinusoidal form, with no coupling vibration effect.
Figs. 13a and 13b show that the amplitude rose and
fell when the OL increased. In addition, the ampli-
tude rose as the given voltage increased. A maximum
amplitude of approximately 24.0 pm was obtained for
stainless steel and of approximately 25.6 um for tita-
nium alloy. Hence, titanium alloy has better acoustic
characteristics.

Fig. 14 shows the FRF simulated harmonic re-
sponse of an ultrasonic transducer with different damp-
ing ratios and input voltages (100 and 300 V). The
damping ratio ¢ is an essential factor for establishing
the accuracy of amplitude prediction. In the simula-
tion, a damping ratio between 0.0025 and 0.0200 was
selected for mapping the amplitude prediction. The
amplitude decreased when the damping ratio value
increased, as shown in Fig. 14. At the lowest damping
ratio of 0.0025 (at 100 V), the input had a magnitude
value of roughly 50 um in favor of stainless steel and
30 pm in favor of titanium alloy. It was impossible to
obtain a high amplitude in real situations, for instance,
30 or 50 um, even with a low input voltage. In addi-
tion, with a high given voltage (300 V), the resonance
amplitude was extremely high at approximately 100 pm
in favor of titanium alloy. Therefore, we produced a
mapping graph to determine the damping ratio value.
Fig. 15 shows the power mode of the fitting curve of
simulation results for different voltages and materials.
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Fig. 13 Amplitude measurement of an ultrasonic transducer
with respect to the OL at different voltage inputs: (a) stainless
steel; (b) titanium alloy; (¢) typical amplitude with an OL
of 40 mm for stainless steel

The relationship between amplitude and damping ratio
can be expressed by the equation term of y=al™. a
and f are coefficients; y is the amplitude; { is the
damping ratio. The damping ratio must be estimated
using the experimental amplitude, and it must be cali-
brated according to the equation in Fig. 15.

We compared the simulated amplitude prediction
with the experimental results for stainless-steel and
titanium-alloy transducer materials (Table 7). When a
constant damping ratio was used (e.g., 0.0200 for stain-
less steel and 0.0100 for titanium alloy), the simulated
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Fig. 14 FRF simulated harmonic response of an ultrasonic
transducer with different damping ratios at a given voltage
of 100 V with stainless steel (a) and titanium alloy (b), and at
a given voltage of 300 V with stainless steel (¢) and titanium
alloy (d)
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Fig. 15 Determination of the damping ratio versus amplitude of stainless steel (a) and titanium alloy (b)
Table 7 Amplitude prediction according to the damping ratio
Amplitud
Material Input voltage - - ah u. c (HHT) - Error (%)
V) Simulation Simulation,, Experiment
Stainless steel (SS 316L) 100 6.7185 (£ 0.0200) 9.2055 (£: 0.014600) 9.18715 0.19
200 13.4370 (¢: 0.0200) 17.4100 (C: 0.015440) 17.41000 0.00
300 20.1560 (: 0.0200) 22.0920 (: 0.018250) 22.15088 0.26
Titanium alloy (Ti-6Al-4V) 100 8.5051 (¢: 0.0100) 15.6690 (¢: 0.005381) 15.44429 1.45
200 17.0100 (¢: 0.0100) 20.4890 (: 0.008289) 20.28187 1.02
300 25.5150 (£ 0.0100) 25.8070 (£: 0.009886) 25.61546 0.74

Simulation_,: simulated amplitude after calibration of the damping ratio with the experimental amplitude

cal®

amplitude was different with the experimental ampli-
tude, except at the highest voltage, which produced a
similar amplitude. Therefore, after calibration of the
damping ratio with the experimental amplitude, the
simulated amplitude provided a similar amplitude to
the experimental amplitude, and the error was less
than 1.5%.

The damping ratio significantly affects the accu-
racy of the predicted amplitude. Therefore, a damping
ratio between 0.015 and 0.020 should be selected for
stainless steel, while a damping ratio between 0.005
and 0.010 should be selected for titanium alloy. Titanium
alloy has a lower Young’s modulus and density than
stainless steel. On the other hand, it gave a higher ampli-
tude in the experiment. Therefore, the damping ratio
for titanium alloy should be set lower than that for
stainless steel.

6.3 UVAM outcomes

Fig. 16 compares the cutting force of CM and
UVAM with different feed rates from 50 to 150 mm/min
in a slot-milling operation on Al 6061 (aluminum alloy).
The magnification of the cutting forces in Fig. 16
shows the similarity of the force pattern between CM
and UVAM. Nevertheless, the cutting-force evidence

shows that the peak-to-peak value decreased in the
case of UVAM, particularly at lower feed rates such
as 50 mm/min. We attribute the decline in cutting force
to the axial-tool vibration effect. When the cutter end
mill rotated at low feed rates, such as 50 mm/min
(4.167 um/tooth), the uncut chip thickness (4.167 pum)
fell slightly lower than the critical chip thickness (4,,, =
4.69 um), such that the undeformed chip was not cut
effectively. The critical chip thickness equals the coef-
ficient ratio (0.4) multiplied by 7, (11.72 um). A smear-
ing and plowing process generally occurs on the sur-
face when using CM because the uncut chip is not thick
enough (Kurniawan et al., 2017). At a low feed rate,
chip removal becomes inconsistent, as shown in Fig. 16.
It is indicated by the unknown peak due to smearing
and plowing. Therefore, when vibration is added, the
cutting state becomes more stable and better at a low
feed rate in UVAM.

In ductile machining, decreasing the feed rate also
means decreasing the uncut-chip thickness. Therefore,
the root mean square (RMS) load is the lowest at the
lowest feed rate, such as 50 mm/min. The RMS of the
cutting forces (F,, F,, and F) are taken between the start
and end of each cut, as expressed by Eq. (14).
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Fig. 16 Cutting force and magnification at various feed rates. References to color refer to the online version of this figure

Frs= \/]\1/(Ff+Ff+1+F{"+2+...+F§>), (14)

s

where N, is the amount of data until end of cutting,
and subscript 7 is the force index at the beginning of
cutting.

Fig. 17 demonstrates the RMS loads for both cases
(CM and UVAM) for F, F,, and F.. The RMS load
increased as the feed rate increased. The RMS instanta-
neous cutting force for UVAM was approximately 20%—
30% lower than that for CM. We pinpointed the effects of
acoustic softening (Verma et al., 2018), tool-kinematic/
vibration speed (Feng et al., 2021), and intermittent
cutting (Shen et al., 2012b) as reasons for the decreased
cutting force in UVAM. An identical reduction of cutting
force along the feed direction in UVAM when cutting
ductile materials has been reported in previous studies
(Shen et al., 2012b; Tao et al., 2017; Ni et al., 2018).
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Fig. 17 RMS force results at various feed rates

Fig. 18 illustrates the machined surface topogra-
phy for both CM and UVAM. Scratches occur because
of the smearing and plowing process at a low cutting
feed rate. The arithmetic average roughness R, resulting
from UVAM was lower than that produced by CM for
all feed rates. The average value was taken three times
using a surface-roughness tester along the feed direc-
tion. We attribute the lower R, from UVAM to the
smaller size of the pits and scratches. In addition, there
were many scratches due to smearing and plastic shear-
ing deformation resulting from CM. Chang et al. (2022)
reported similar findings when comparing the surface
quality between CM and UVAM. There were obvious
pits on the 3D surface-topography profile for both CM
and UVAM. However, the size of the pits observed for
UVAM was smaller than that for CM because of the
lower cutting energy applied when accidentally remov-
ing hard inclusions from the surface material. Hard
inclusions are an impurity consisting of Si particles in
the aluminum alloy (Al 6061) (Kurniawan and Ko,
2019), and they are typical of an Al 6061 surface
(Adesola et al., 2013). In addition, we discovered vibra-
tion marks on the UVAM surface, which suggests that
the oscillation tool delivers a vibration. Better mate-
rial removal was obtained using UVAM, according to
these results. Textured surface generation after UVAM
became common findings in this field in general. A few
similarities in surface topography results from UVAM
along the feed direction on other ductile materials are
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Fig. 18 Surface topography comparison at various feed rates

described elsewhere (Chen et al., 2019; Zhu et al.,
2019; Shen et al., 2020; Lu et al., 2021).

7 Conclusions

We proposed an ultrasonic transducer with high
frequency and amplitude. The focus of the study was
on vibration characteristics, amplitude estimation,
impedance-frequency prediction, and evaluation of
machining performance. We assessed an electrome-
chanical impedance model and the effect of OL and
different materials. We were able to draw the follow-
ing conclusions:

1. The frequency of the ultrasonic transducer
depends on the preload compression stress, which
remains constant when a sufficient stress of approxi-
mately 20 MPa has been obtained. Titanium alloy gives
a higher resonance ultrasonic frequency (approximately
33 kHz). Stainless steel gives a lower resonance ultra-
sonic frequency of approximately 30 kHz. In addition,
titanium alloy gives the highest amplitude of approxi-
mately 25.6 pm, using the highest input voltage.

2. The electromechanical impedance simulation
predicted resonance frequency with less than 3% error,
and is thus useful for predicting the resonance ultra-
sonic frequency of ultrasonic transducers in the absence
of a cutting load. In addition, the OL affects the natural
oscillation frequency. When the OL increases, the res-
onance frequency decreases, indicating a larger acoustic
half-wavelength.

3. Harmonic simulation can be used to predict
resonance amplitude. However, it is necessary to deter-
mine the damping ratio by calibration in order to esti-
mate resonance amplitude precisely. The damping ratio
of stainless steel was 0.015—0.020; the damping ratio of
titanium alloy was 0.005-0.010. The error for amplitude
prediction using harmonic simulation was less than 1.5%.

4. The feasibility study of the ultrasonic trans-
ducer for UVAM shows that the cutting load and sur-
face topography profile are better than those for CM
with various feed rates. The RMS cutting force is about
20%—-30% lower in UVAM. The cutting state becomes
more stable at a low feed rate when UVAM is induced.
In addition, smaller pits and scratches are produced
by UVAM. These results prove that the ultrasonic trans-
ducer can be used in industrial applications for non-
conventional milling or drilling.
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