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Abstract

Ultrasonic vibration-superimposed turning can be used to improve the performance of components
by enabling a surface microstructuring in finish machining. Even though the benefits are numer-
ous, control of the vibration amplitude and operating frequency during machining proves difficult as
mechanical and electrical resonance frequencies do not always match, limiting their efficiency and
use in industrial applications. This highlights the need for improvement of conventional control sys-
tems. Measuring mechanical vibrations close to the cutting tool might offer benefits regarding the
precision of displacement control compared to conventional approaches like phase-locked loop. To
examine the usability and the information content of physical measurands, a sonotrode is designed
to enable the measurement of acceleration, strain and temperature during machining. For this an
accelerometer, fiber-optical sensors and a passive piezoelectric disk in the ultrasonic transducer are
considered. Experiments during free vibration and in an ultrasonic vibration-superimposed turning
process were carried out and compared to numerical results. Turning experiments were conducted at
feeds of 0.05 mm and 0.10 mm and cutting speeds of 120 m/min and 480 m/min. Additionally, power
levels of the ultrasonic system and tool flank wear land width were varied. Also, possible sources of
deviations between the manufactured and predicted surface were analyzed. The results demonstrate
correlations between the sensor data and the surface topography. Thus, the sensors provide meaning-
ful information regarding the dynamic behavior of the system during operation, enabling a process
monitoring close to the tool and showing a possible use for a future control system.

Keywords: Ultrasonic-assisted machining, in-process-monitoring, microstructuring, vibration-superimposed
turning

1 Introduction machining processes. Ultrasonic vibration-
assisted processes come with a tremendous
number of benefits, when properly configured.
In forming processes applying vibrations can

Hybrid manufacturing processes are an approach
to overcome the limitations of conventional



reduce forming forces and increase formability
[1, 2]. Ultrasonic welding is used to join plas-
tics, metals or even ceramic materials [3]. In
machining processes lower process forces, better
chip breakage, less burr, longer tool life, specific
build-up of compressive stresses in the material
and the machining of hard-to-machine materi-
als like ceramics have been documented [4-9].
Also a combination of vibrations in two or more
directions can be used to further enhance the
machining process [10], e.g. for elliptical cutting
of tungsten [11]. To achieve these advantages the
process needs to be designed carefully as factors
of the ultrasonic system, e.g. operating frequency,
vibration amplitude at the tool and the direction
of the vibration affect the outcome substantially.
The mechanisms behind these effects have been
studied intensively in the literature [12]. The
setup for ultrasonic-assisted machining processes
usually consists of an ultrasonic signal generator,
an optional amplifier, an ultrasonic transducer
converting the electrical into a mechanical vibra-
tion (mostly using a piezoelectric stack actuator)
as well as an application specific sonotrode
[13, 14]. The generator supplies a voltage driv-
ing the transducer at its resonance frequency to
achieve the highest effiency. The sonotrode needs
to be designed for each specific application indi-
vidually and can therefore come in a variety of
shapes [15-18]. For cutting processes the tool is
usually placed at the front end of the sonotrode
where the vibration amplitude is highest.

One application of ultrasonic-assisted machin-
ing is the microstructuring of surfaces in a finish
turning process [19-23]. Other applications of
applying ultrasonic vibrations in a finishing pro-
cess have been carried out to improve the machin-
ing performance of hardened steel [24]. Forces
from the cutting process and thermal influences
cause a changing load on the ultrasonic system.
Therefore the dynamic properties are affected,
which may cause a shift of the resonance frequency
during operation. To ensure a consistent and
reproducible distribution of the microstructures
on the surface, control of the operating frequency
and vibration amplitude under changing loads is
essential. Control systems for ultrasonic systems
are usually based on the electrical feedback from
the transducer, e.g. current, voltage, power or the
phase shift between voltage and current. Common

control systems like phase-locked-loop or autores-
onant control try to keep the operating frequency
close to the current resonance frequency of the
system [25]. The main benefit of using the elec-
trical feedback is that the signals themselves are
readily available from the transducer and enable
a good fit of the resonance frequency during oper-
ation. However, as the gathered data is physically
far away from the cutting edge [26] information
close to the tool might offer better information
regarding the mechanical vibration and the dis-
placement at the tool during operation. Mechan-
ical measurands, e.g. displacement, acceleration
or strain might enable a more precise monitoring
and control of the system behavior during oper-
ation. In several works this approach has been
investigated [27-31]. However, the set of suitable
and available sensor solutions for this is limited.
Available options are restricted by the machin-
ing process as the necessary optical accessibility
or the permament fixation in an industrial setting
can not be guaranteed. Additionally, restrictions
from the ultrasonic vibrations, e.g. necessary sam-
pling rates of the sensors, their cable routing,
their dimensions and mass if applied directly to
the ultrasonic system heavily limit the available
options further. Previous works considered the
use of accelerometers [27], strain gauges, struc-
turally integrated piezoceramics and fiber-optical
sensors for the monitoring of an ultrasonic sys-
tem during free vibration and during machining.
Strain gauges showed potential, but pose chal-
lenges regarding a durable, long-term fixing under
the dynamic loads. By distributing several strain
gauges along the length and circumference, the
static process forces as well as a bending of the
sonotrode were identified during operation. How-
ever, the bonding of the strain gauges as well as
the electrical connections were damaged during
operation [32, 33]. Structurally integrated piezo-
ceramics enabled a detection of different vibration
shapes of the system under operation, but their
use was only evaluated during free vibration in a
feasibility study. Also permanent fixation proved
difficult as several joints were damaged during
operation [34]. Fiber-optical sensors have been
tested along with an accelerometer and a passive
piezoelectric disk, but have not been examined
for an in-process use yet as the cable routing



of the optical fiber proces difficult in a machin-
ing process while avoiding a signal loss [33]. The
aim of this work is to evaluate the suitability of
different sensor solutions for the in-process mon-
itoring of an ultrasonic system during a turning
process. The performance of an accelerometer,
fiber-optical sensors and a passive piezoelectric
disk are analyzed. Also, a numerical model is
build to predict the behavior of the ultrasonic
system and to compare the gathered data to the
model behavior. Additionally, the surface of the
machined samples will be analyzed to compare
the in-situ information of the vibration to the
ex-situ data of the generated microstructure mea-
sured with a microscope. The goal is to prove
that sensors measuring the mechanical vibration
close to the cutting edge can be used to precisely
predict the generated microstructure as well as
to provide information regarding the change of
the resonance frequency during operation and the
current vibration amplitude at the tool.

2 Methods

2.1 Design of the ultrasonic system

A research-specific system was designed to enable
the implementation in a turning process for the
generation of microstructures as well as to enable
the application of the sensor systems as described
in the following. The transducer consists of three
piezoelectric disks made of SONOX P8 (Cer-
amTec GmbH, Plochingen, Germany) with a
diameter of 38 mm. Two are working as the actu-
ator, while one is used as a sensor disk. Copper
electrodes are used to connect them electrically.
Ti6Al4V is used as the material for the front and
back masses of the transducer. The preloading of
the piezoelectric stack is done with a screw, which
is insulated with a PTFE insert. The sonotrode
is made of Ti6Al4V. To amplify the displacement
generated by the transducer the sonotrode has an
exponential tapering to a final diameter of 19 mm.
At the node a mount was manufactured where
the sonotrode can be clamped during operation.
The design of the transducer and sonotrode was
done in an iterative approach (design, simulation,
experimental analysis) as described sufficiently in
various publications [14]. The final sensor concept
is shown in Fig. 1. An ultrasonic power generator

(ATHENA Technologieberatung GmbH) is used
to drive the system during operation.
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Fig. 1 Distribution of mechanical quantities along the
length of an ultrasonic system and proposed sensor concept
for the ultrasonic system.

For the numerical analysis a coupled field har-
monic analysis was built to analyze the achievable
displacements and strains occuring for different
operating frequencies to be able to compare them
later on with the experimental results. The piezo-
electric components were characterized to dis-
play structural as well as electrical behaviour.
All other components only display structural
behavior. Material data was gathered from the
manufacturer [35] or experimentally for Ti6Al4V
(p = 4,420 kg/m3, E = 108 GPa). For the analy-
sis a frequency range from 20,000 Hz to 26,000 Hz
was chosen to identify neighboring resonance fre-
quencies beside the longitudinal vibration. As the
harmonic load an electrical voltage up to 100 V
was applied to the active piezoceramic disks.
The global damping coefficient of 0.0036 is based
on experiments of the ultrasonic system. Experi-
ments during free vibration were used to update
the material data and the damping coefficient to
achieve a good fit between the model and the
experiments. The frequency response function of
the displacement at the tip of the sonotrode for
the longitudinal and transverse vibration is shown
in Fig. 2. Additionally, the occuring strain was
analyzed and is given in Fig. 4.

2.2 Measuring mechanical
vibrations

Mechanical quantities such as strain and displace-
ment have a characteristic distribution along the
length of ultrasonic systems as shown in Fig. 1.
During vibration a standing wave occurs in the
system and the system contracts and expands,
inducing areas of high stress and strain with
zero displacement, the nodes, and areas of high
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Fig. 2 Frequency response of the longitudinal and
transversal vibration at the tip of the sonotrode for
u = 100 V during free vibration

displacement and zero stress and strain, the antin-
odes. Ultrasonic systems are mounted at the
nodes so as not to dampen the occurring vibra-
tion. The tool for the turning process is placed
at the antinode to achieve the highest possible
displacements.

This behavior has to be considered when
choosing suitable sensors as it affects the available
sensor positions for different quantities. Addi-
tionally requirements from the vibration at an
ultrasonic frequency and the machining process
have to be considered. For ultrasonic-assisted
turning the displacement used is mostly in the
range of 10 pum, which corresponds to maximum
velocities of 1.58 m/s and maximum accelera-
tions of 250,000 m/s? at an operating frequency of
25,000 Hz [36-38]. Additionally, occurring strains
did not exceed 400 pm/m in previous works.
During operation a build-up of heat might occur
caused by dielectric losses in the transducer or
caused by the cutting process itself. Therefore, a
maximum temperature of 80 °C is set as a limit.
Based on this the following sensors were chosen:

¢ accelerometer (PCB 352A92)

¢ passive piezoelectric disk (SONOX P8)

* fiber-optical strain and temperature sensor (SM
9/125u-PI)

To get a better understanding of the relation
between the electrical and mechanical vibrations
an additional passive piezoelectric disk was added
to the transducer. It uses the direct piezoelec-
tric effect. As a material SONOX P8 (Ceramtec

GmbH) was chosen. An integration of an addi-
tional piezoelectric disk was easily realizable dur-
ing the design process of the transducer. For
measuring the accelerations the accelerometer
PCB 352A92 (PCB Synotech GmbH, Hiickel-
hoven, Germany) was chosen. By calculating a
double integration of the acceleration data the
displacement at the measuring point can be cal-
culated during the process. As shown in Fig. 1 to
get the highest signal-noise-ratio the accelerome-
ter should be placed at an antinode close to the
cutting tool. The accelerometer was chosen care-
fully taking a possible cable routing, its mounting
on the system, its limitations regarding maximum
frequencies and sampling rates and its effects on
the dynamic behavior of the ultrasonic system
into account. A pocket close to the tool was pro-
duced by milling to ensure a safe positioning of the
sensor. It was placed along the longitudinal axis of
the sonotrode to minimize the risk of an occurring
bending mode caused by an uneven weight distri-
bution. As the sensor element only weighs 0.16 g
the influence on the dynamic behavior of the sys-
tem is minimal. The sensor was mounted on the
sonotrode using an adhesive.

For measuring the strain several sensor solu-
tions are feasible. Conventional strain gauges have
already been used [32]. During preliminary exper-
iments the same approach using strain gauges of
the type 10/350 CLY47-3L-2M (HBM/HBK) was
chosen, but did not prove to be an expedient solu-
tion as the soldering joints as well as the strain
gauges themselves were damaged during vibra-
tion and were therefore not considered further.
As an alternative strain measurement fiber-optical
sensors using fiber bragg gratings (FBG) were
considered. They have the same benefits of hav-
ing low weight, also allowing the measurement of
temperature, high theoretical limits of the mea-
surable frequencies as well as high limits of the
maximum strain and temperature. A fiber of the
type SM 9/125u-PI (INFAP GmbH) with three
ingrained FBG in a single fiber with wavelengths
of 1544 nm (strain), 1553 nm (strain) and 1564 nm
(temperature) was used. The strain sensors were
placed closer to the node while the temperature
sensor was placed closer to the tool, as shown in
Fig. 3. To avoid contact of the cable with the
tool the fiber was placed lengthwise on the out-
side of the sonotrode with the cable being routed
along the mount of the system. For this a canal



was milled where the fiber is placed inside of. A
secure mount is enabled by afterwards filling the
hole with an epoxy resin (EPO-TEK 353ND). All
necessary alterations of the ultrasonic system were
considered in the design process. For the measure-
ments during free vibration a CLV-2534 compact
laser vibrometer (Polytec GmbH) was used to
measure the displacements at the front end of the
sonotrode.

Temperature

Strain
Sensor

FBG Strain Sensor
1 2

Fig. 3 Placement of the three fiber bragg gratings for mea-
suring strain and temperature on the sonotrode

The position of the two fiber-optical sensors is
given in Fig. 4. The design changes which were
necessary for the incorporation of the sensors were
also analyzed using the model. As the change in
mass and geometry is negligible deviations are
small.
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Fig. 4 Calculated strain along the length of the sonotrode

and position of the two fiber optical strain sensors for
u = 100 V.

2.3 Experimental setup

All sensors were applied to the ultrasonic sys-
tem as described above. During the experiments
the signals from the accelerometer, the passive
piezoelectric disk, the voltage and the current
from the ultrasonic generator as well as the signal
from the 1D laser vibrometer, where applicable,
were sampled at a frequency of 96,000 Hz using a
Quantum MX410B (Hottinger Briiel and Kjaer)
data acquisition system. The signals from the
fiber optical sensors were processed using an inter-
rogator (INFAP GmbH) to convert the light into
electrical signals. The data for all three sensor ele-
ments (2x strain, 1x temperature) were sampled
at 100,000 Hz. Prior to the machining experi-
ments the system behavior as well as the data
provided from the sensor systems was examined
during free vibration to determine the resonance
frequencies, the corresponding displacement near
the tool as well as the measured strains, accelera-
tions and temperature. Aside from the mechanical
quantities, the supplied voltage and current dur-
ing operation were also monitored. An impedance
analysis was carried out first to determine the elec-
trical resonance frequency of the ultrasonic system
consisting of the transducer and sonotrode. The
electrical resonance frequency for the longitudinal
vibration is at f..s = 22,845 Hz. Then the system
was excited with a frequency sweep ranging from
20,000 Hz to 25,000 Hz with a voltage of 10 V.
The gathered data was also compared to a three
dimensional, optical vibration measurement using
a PSV-500 3D-laser-vibrometer (Polytec GmbH).
The results from the preliminary experiments are
shown in Fig. 5. The mechanical resonance fre-
quency of the longitudinal mode can be seen at
22,850 Hz. Two additional peaks can be seen. The
peak at 12,016 Hz correlates to a subharmonic of
the longitudinal vibration, where only one node
exists at the contact point of the transducer
and sonotrode. A second mode was identified at
29,087 Hz, where the vibration is in a bending
shape.

The chosen sensor systems were evaluated in
a machining process to achieve a deeper under-
standing of their usability and the offered content
of information during machining. As the kinemat-
ics of a turning process are relatively simple, there
is no rotation of the tool and therefore an easy
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Fig. 5 Transfer function of the ultrasonic system for
u = 10 V measured with the PSV-500 3D-laser-vibrometer

cable routing, an external cylindrical turning pro-
cess was chosen for these experiments. For the
workpiece material a bronze alloy (CuSn7Pb15-C)
was chosen. The experiments were carried out on a
PD 32 precision lathe (Spinner Werkzeugmaschi-
nen GmbH). Prior to the ultrasonic vibration-
superimposed turning process, the samples were
premachined to a diameter of 30.2 mm. The exper-
imental parameters are given in table 1. Aside
from the machining parameters (cutting speed v.,
feed f, depth of cut ap), the primary parame-
ter of the ultrasonic system (power level) and
with this the displacement x at the tool was var-
ied. All parameters were examined three times
for both variations of cutting speed and feed. For
all parameter combinations one additional sample
was machined without ultrasonic vibration super-
imposition as a reference sample for the sensor
data and for the machined surface.

3 Results

3.1 Sensor data
3.1.1 Free vibration

The results for the strain data gathered with the
two fiber optical sensors as well as the displace-
ment at the tip of the sonotrode gathered with
the 1D laser vibrometer are shown in Fig. 6 for
different power levels. The system achieves max-
imum displacements at the tool of 6.5 um at for
a supplied voltage of 98 V. The maximum strain

Table 1 experimental plan for the turning

experiments
parameter value / description
material bronze (CuSn7Pb15-C)

sample dimension
before pre-machining
tool

clearance angle
corner radius

tool included angle
cutting edge angle
nominal rake angle
depth of cut ap
operating frequency f
vibration direction
cutting speed v¢
feed f

voltage u
displacement

d = 31 mm; 1 = 20 mm

MCD tipped indexable insert
CCGW 060202

25°

0.09 mm

80°

50°

00

0.01 mm; 0.1 mm; 1 mm
22,770 Hz

radially

120 m/min; 480 m/min
0.05 mm; 0.1 mm

38 V; 63 V; 98V

2.4 pm; 5 pm; 6.5 pm

tool flank wear 0 pm; 50 pm; 100 pm

close to the node, where the highest strain occurs,
is at 350 pum/m for FBG sensor 1. For FBG sen-
sor 2 the strain is lower at 210 pum/m, which was
expected from the strain curve in Fig. 4, but is
higher than expected from the numerical simu-
lations. Aside from low power levels where the
signal-noise-ratio is considerably lower, the fac-
tor between FBG sensor 1 and FBG sensor 2
stayed constant at approximately 1.6. The dis-
placement gathered from the 1D laser vibrometer
and the calculated displacements based on the
acceleration data match and are therefore not
shown.

400 r 110
—— FBG Sensor 1 =
£ 300 | » —FB(?; Sensor 2 18 =
= —— Vibrometer =
g 16§
= 200 Tu- " £
A 100 e 1, &
_,x-“‘ 2 A

0 ' : ; ; 0

0 20 40 60 80 100
Voltage / V

Fig. 6 Measured displacements and maximum strains at
the sonotrode for different power levels



3.1.2 Accelerometer

For the analysis of the sensor signals the data from
the turning experiment with v, = 120 m/min,
f =01 mm and v = 63 V is shown in Fig. 7
for the acceleration data. The ultrasonic vibra-
tion started at 2.8 s (Fig. 7 a) and the generator
ramped up the supplied voltage until vibration
was stable starting from 4.4 s (Fig. 7 b). The ultra-
sonic vibration was stopped at 11.5 s (Fig. 7 e).
For this experiment contact time between the tool
was from 8.1 s until 10.4 s (Fig. 7 ¢-d). During
operation of the ultrasonic system the measured
acceleration amplitudes increased drastically to
approximately 82,000 m/s? for a voltage of 63 V,
which corresponds to a maximum displacement of
4.0 pm for the same voltage, which is the same
as during free vibration. In the time domain the
machining process is only slightly discernible as
the process forces are too low to cause a decrease
in the amplitudes. Instead a slight increase in
accelerations can be seen in the time domain.
This was caused by the generator which increased
the supplied voltage during operation to keep the
vibration constant.

x10°

o
W

o
W

Acceleration / m/s?
()

| 1 | 1 )
0 5 10 15
Time /s

Fig. 7 Acceleration data during machining,
ve = 120 m/min, f = 0.1 mm, u = 63 V, a) start of the
ultrasonic vibration b) start of stable vibration c¢) start of
the turning process d) end of the turning process e) end of
the ultrasonic vibration

3.1.3 Fiber optical sensor

Maximum strains are at 190 ym/m and 160 gm/m
for FBG Sensor 1 and FBG Sensor 2, respectively,
as seen in Fig. 8. In the beginning a slow increase

of the measured strain is visible until the vibra-
tion is constant. The signal-noise-ratio is lower
than that of the accelerometer. Additionally, a
quantization error is apparent for low occurring
strains. While the maximum positive strains are
nearly the same, the compressive strains for FBG
Sensor 1 are higher. Only a very low influence of
the machining process can be seen in the time
domain. When the tool gets in contact (from 8.1 s
until 10.4 s) with the workpiece, the strains are
reduced. One of the reasons is an additional damp-
ing caused by the machining process. Another
reason might be a compression of the sonotrode
caused by the process forces, as seen in [32]. As
process forces are low the impact is low as well.
The drop in the maximum achievable strain is
compensated by an increase in the supplied volt-
age. This can be seen when the tool gets out of
contact again at 10.4 s as the strain is higher and
then drops off again, as seen in the accelerometer
data.

250
200 f
150 ¢
100 r

50

0
-50 +
-100 -
-150
-200 I 1

-250 - : :
0 5 10 15

Time /s

Strain / ym/m

—— FBG Sensor 1
—— FBG Sensor 2

Fig. 8 Strain data during machining, v = 120 m/min,
f=0.1mm, u =63V, a) start of the ultrasonic vibration
b) start of stable vibration c) start of the turning process d)
end of the turning process e) end of the ultrasonic vibration

For fiber-optical measurements of temperature
the fibre is disconnected from the embedding so
that a change in length is only caused by thermal
expansion. Despite this, the ultrasonic vibration
can still be seen in the time domain showing a
sinusoidal temperature curve. A fourier transform
confirms that the fiber vibrates at the operating
frequency causing errors during the measurement.
As an increase in temperature is still visible
over time, a wandering mean value is used to



approximate the current temperature of the sys-
tem during operation. From Fig. 9 it can be seen
that the temperature stayed constant until the
tool got in contact with the workpiece. After that
the measured temperature increased, even after
the machining process as well as the ultrasonic
vibration was stopped. The temperature settled at
22 °C approximately 10 s after the vibration was
stopped. After the experiment the temperature
decreased again until the next machining process
was started again. The quantization error as seen
for the strain measurements is visible here as well.
The highest temperature differences observable
occurred during the experiments considering tool
wear, where the maximum temperature difference
was at 15 K.
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Fig. 9 Temperature data from the fiber optical sensor dur-
ing machining, vc = 120 m/min, f = 0,1 mm, u = 63 V,
a) start of the ultrasonic vibration b) start of stable vibra-
tion c) start of the turning process d) end of the turning
process e) end of the ultrasonic vibration

3.1.4 Passive piezoelectric disk

The measured voltage of the passive piezoelectric
disk shows similar behavior as the other two sen-
sor systems, shown in Fig. 10. During operation
of the ultrasonic system a clear vibration can be
seen in the time domain with an amplitude of
1.2 mV, but higher noise occurs for all measure-
ments compared to the other sensors. For most
experiments there was no discernible difference in
the time domain for the machining process. As
there no direct conversion of the measured volt-
ages to displacement amplitudes at the tool is
possible, the information gained from this sensor

is low. After the vibration was stopped, peaks not
resulting from the ultrasonic vibration can be seen
at 12 s. These were caused when the carriage of
the lathe stopped moving.

Voltage / mV
N = O = N Wk W

...
NG

'
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15

Time /s

Fig. 10 voltage data from the passive piezoelectric disk
during machining, vc = 120 m/min, f = 0.1 mm, u =63 V,
a) start of the ultrasonic vibration b) start of stable vibra-
tion c) start of the turning process d) end of the turning
process e) end of the ultrasonic vibration

3.2 Influence of cutting speed, feed
and depth of cut

Cutting speed, feed and depth of cut show no
discernible difference in the time domain of the
sensor data. As the passive force acting axially on
the sonotrode during the turning process should
increase, an static offset of the strain should occur
resulting from the compressive force acting on
the sonotrode. As the largest force component
occuring during machining is small (3.8 N for
ap = 0.05 mm and 8.2 N for ap, = 0.1 mm) the
compression is also too small to affect the results.
In the frequency domain the cutting speed is vis-
ible at 21 Hz and 84 Hz for cutting speeds of
120 m/min and 480 m/min, respectively, albeit
with a significantly lower amplitude than the oper-
ating frequency of the ultrasonic system. The
most prominent influence of the cutting speed and
feed is the manufactured surface structure. The
structure length is at approximately 330 pm for
a cutting speed of 480 m/min as expected. The
phase shift between two neighboring structures is
also in line with the feed. However, the amplitude
of the surface structure is at 11 pym for a measured
vibration amplitude at the tip of the sonotrode of



4.8 pm. This behavior is also observable for dif-
ferent power levels of the ultrasonic system and
therefore different measured vibration amplitudes
at the tool. The factor between the expected and
resulting amplitude is constant for all parame-
ter combinations at 2.2 - 2.3 as seen in Fig. 14
and may indicate a systematic error of the whole
setup.

3.3 Influence of tool flank wear

In Fig. 11 the influence of an increasing tool
flank wear land width (100 pm) on the measured
strains is shown. It can be seen that when the
tool got in contact with the workpiece the maxi-
mum strains drop off, increasing with higher wear.
The integrated control of the ultrasonic generator
adjusted the power accordingly and the previ-
ous level of strain is achieved quickly. After the
tool went of out contact with the workpiece, the
strains increased inversely, as the power level was
increased. The control system adjusted the power
level as well and the maximum strain dropped
off again. No effect of increasing tool flank wear
on the acceleration data is visible. It stands to
reason that higher wear, and therefore a higher
contact width between the tool and workpiece
causes higher forces acting on the system leading
to a compressive strain.
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Fig. 11 Influence of tool flank wear on the measured
strains, ve = 480 m/min, f = 0.1 mm, v = 98 V, tool flank
wear = 100 pm, a) start of the ultrasonic vibration b) start
of stable vibration c¢) start of the turning process d) end of
the turning process e) end of the ultrasonic vibration

4 Discussion

The sensors, especially the accelerometer and the
fiber optical strain sensor seem useful for mon-
itoring the in-process behavior. The predicted
data from the numerical model, the data gath-
ered during free vibration and during machining
shows nearly identical behavior and the current
operating frequency can easily be calculated. For
low machining forces no dropoff in the vibration
amplitude, either of the acceleration or strain,
occured. For higher occurring forces and therefore
a decrease in the available displacement at the tool
is visible for the strain measurement, making a
control possible. The most prominent discrepancy
is the difference between the measured and calcu-
lated displacements close to the tool to the depth
of the manufactured surface structure. Occurring
process forces and a theoretical higher damping of
the system during machining would suggest oth-
erwise. To examine this deviation, several theories
are proposed in each of the following sections.

4.1 Calculation errors

As the displacement occurring during the machin-
ing process is only calculated by the double
integration of the acceleration data, a possible
hypothesis for the deviations is an inaccurate cal-
culation of the displacement based on this. To
examine this the system was setup in a lab set-
ting using the 1D laser vibrometer to measure the
vibration at the tip of the sonotrode and to com-
pare this result to the calculated displacements
based on the acceleration data for different power
levels. As seen in Fig. 12 the measured and calcu-
lated displacements are nearly identical, therefore
an inaccurate calculation can be ruled out.

4.2 Influence of the additional
tapering caused by the tool

As described previously, a tapering of the
sonotrode is used to increase the displacement
available at the tool. The increase in displacement
is caused by a decrease of the cross-section of the
ultrasonic system. As the tool for the machin-
ing process slightly protrudes over the front edge
of the sonotrode and with this also over the
measuring point of the accelerometer and the
1D laser vibrometer, a possible reason for the
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Fig. 12 Comparison of measured and calculated displace-
ments for u = 38 V during free vibration

deviations could stem from an additional amplifi-
cation caused by the unintended tapering caused
by the tool. To examine this the calculated dis-
placements are compared to the displacements
measured directly at the cutting edge of the tool.
As the tool has a pointed tip a direct measure-
ment with a 1D laser vibrometer is not possible.
Therefore the tip of the indexable insert was
grinded off to achieve a flat surface to enable the
measurement, as shown in Fig. 13. Then measure-
ments during free vibration for different power
levels (38 V, 63 V, 98 V) were carried out as
well. Again, no differences between the calcu-
lated displacements at the tip of the sonotrode
and the measured displacements at the cutting
edge occurred. Therefore the additional tapering
caused by the protrusion of the tool seems to have
no effect on the deviations.

4.3 Influence of the machined
material and geometry

As the displacements during free vibration are
constant for different power levels, it stands to
reason that the deviations were caused by the
machining process itself. Firstly, the workpiece
might have a resonance frequency close to the
resonance frequency of the system causing an
additional vibration in the process, which would
not be measurable with the setup used. For this
the geometry of the workpiece (d = 50 mm) and
the material (EN AW 5083) were varied. To rule
out a vibration of the workpiece in the work-
piece mount two capacitive displacement sensors
(capaNCDT 6200 CS02) were used and arranged
90° and 180° around the circumference of the

10

workpiece relative to the tool. For machining the
same parameters as described in Table 1 were
used. For each parameter combination a work-
piece was machined without ultrasonic vibration
superimposition as a reference. The data from the
previously used sensor system shows no difference
to the previous experiments. The capacitive dis-
placement sensors also show no vibration at either
points observed. Despite this, the machined sur-
face structure still shows an increased depth of the
structure. The factor between the surface depth
expected based on the calculated displacements
and the measured surface depth is constant at 2.2
as seen in the previous experiments, see Fig. 14.
Therefore the material and workpiece geometry
seem to have no effect on the deviations.

4.4 Influence of external cylindrical
turning

Another hypothesis for the deviations is that the
kinematics of the external cylindrical turning pro-
cess affect the outcome. Therefore experiments
with the bronze workpiece were carried out in a
face turning process. With this a higher stiffness of
the machining process caused by the axial mount-
ing of the workpiece was examined. As machining
parameters the cutting speed and feed were var-
ied while the depth of cut was kept constant at
0.1 mm. As the workpieces are tubular with an
outer diameter of 31 mm and an inner diameter
of 20 mm only a width of 5.5 mm were machined.
Ounly a single power level (63 V) was consid-
ered for the experiments. For each parameter
combination a workpiece was machined without
ultrasonic vibration superimposition as a refer-
ence. The sensor data for the accelerometer and
the fiber optical sensors shows the same behavior
as previously described. Only the passive piezo-
electric disk shows an increase of the measured
voltage amplitudes during machining. In the fre-
quency domain it can be seen that this behavior
can be attributed to the increasing rotational
speed of the spindle as the same behavior occurs
for the experiments without ultrasonic vibration
superimposition. The sinusoidal shaped surface
structure had an amplitude of 10.1 pm while the
calculated displacement at the tool was at 4.2 um,
showing deviations with a factor of 2.4.



Fig. 13 Tool with the grinded insert for the comparisons of the measured and calculated displacements
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Fig. 14 Machined and expected surface structure (blue) of
an aluminium workpiece as well as calculated displacement
(red) during vibration for ve = 480 m/min, f = 0.1 mm,
u =63V

5 Conclusion

This study presents an approach for measuring
ultrasonic vibrations in an external cylindrical
turning process to monitor the occurring acceler-
ations and strain, enable an in-process-prediction
of the achievable displacement at the tool and
predict the manufactured surface structure. The
accelerometer has the main advantage of enabling
a direct calculation of the displacement close to
the tool by double integration. The experiments
show a high congruence of the calculated displace-
ment and a reference measurement using a 1D
laser vibrometer. Beside the displacement, shifts
in the resonance frequency could also be detected
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using an accelerometer. As there are no direct
limitations regarding the sampling rates of the
acceleration data, the accelerometer is suited well
for the frequency and displacement control in
ultrasonic systems. The biggest disadvantage is
that static or quasi-static components can not be
detected well. The fiber-optical strain measure-
ments are more advantageous in that regard as
they can detect a static compression more easily.
Their suitability for a use in a control system is
limited by their technical boundaries. First, the
light has to be converted into an electrical signal
which affects the real-time applications. Secondly,
the maximum sampling rates are 100,000 Hz,
which only yields approximately four sampling
points per period of the vibration. This might not
prove high enough for control systems where a
high resolution of the sinusoidal wave is neces-
sary. The temperature measurement provides an
additional amount of information of the system
behavior, but can easily be substituted with dif-
ferent measurement solutions. As no substantial
build-up of heat was observed, the information
gain is limited.

While the length of the structure and the shift
between neighboring structures can be predicted
with high accuracy based on the ultrasonic param-
eters (operating frequency) in combination with
the machining parameters (cutting speed, feed),
the depth of the surface structure can not be pre-
dicted accurately as there is a deviation between
the predicted and the actual depth of the struc-
ture. Several possible causes for this are discussed



and examined experimentally. With this, calcula-
tion errors, the influence of the protruding tool,
different workpiece materials and geometries as
well as the influence of the process kinematics are
ruled out as the deviations are constant for all
causes considered.

Depending on the sensor system used, spe-
cific information can be gathered from the sensor
signals. First vibrations from the machining pro-
cess itself can be distinguished from the ultrasonic
vibration. Furthermore, an increase of forces act-
ing axially on the system, in this work caused by
an artificially generated flank tool wear shows a
decrease in measured strain, which was not visi-
ble in the data from the passive piezoelectric disk
at the transducer, indicating a better suitability
of the strain measurement for a more precise con-
trol of the vibration amplitude during operation.
However it is still uncertain how this changes for
harder to machine materials and therefore higher
process forces. Finally the reasons and mecha-
nisms for the increase in structure depth com-
pared to the expected depth are still unknown. For
this the influence of sonotrode and tool geometry
needs to be examined. However, a change in either
the sonotrode or the tool geometry, which comes
with modifications of the sonotrode as well, would
affect the resonance frequency of the system and
might therefore invalidate the results. Nonethe-
less, the influence of sonotrode and tool geometry
will be examined in a future work.
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