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Abstract

The machining of difficult-to-cut materials involves limitations leading to low productivity in conventional machining processes due to high
cutting forces and tool wear rates. The ultrasonic assisted machining techniques have been reported to reduce these drawbacks significantly,
enabling the increase of productivity when machining this kind of materials. In the case of the reductions on cutting forces and their control, they
can lead to important improvements concerning achievable Material Removal Rates (MRR) on processes where the maximum cutting forces are
limited due to part-tool deflections or the appearance of chatter vibrations. The present study analyses the cutting force reductions generated
when ultrasonically assisted turning of Ti6A14V. The obtained results were analyzed for identifying the most relevant parameters generating such
force reductions. Finally, an empirical model was developed allowing the calculation of the cutting forces to be generated during ultrasonic

assisted turning operations of Ti6Al4V.
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1. Introduction

The ultrasonic Assisted Turning (UAT) process has been
reported to provide several advantages in comparison to
conventional turning. Reduction of the cutting forces and tool
wear as well as the improvement of the surface integrity of the
machined surfaces [1-4] can be achieved when an ultrasonic
vibration is applied to the cutting tool. These benefits make the
UAT process a promising alternative for the machining of
difficult-to-cut materials as Titanium alloys. Presently, the
machining processes for these materials are limited to low
material removal rates (MRR) trying to avoid excessive tool
wear rates or cutting force values. Thus, the implementation of
UAT based processes for the manufacturing of components on
difficult-to-cut materials shows a great industrial potential.

In order to evaluate the industrial applicability of the UAT
systems, the effects of the ultrasonic actuation on process

2212-8271 © 2018 The Authors. Published by Elsevier Ltd.

outputs need to be adequately identified. In the case of the
cutting force reductions generated during UAT processes,
several sources have been identified to have the effect on them,
as the intermittent cutting resulting from the ultrasonic
vibration [1], the friction coefficient on the rake tool face [5,
4], the accelerations on the chip being generated during the
vibration of the cutting tool [6] or the material yield stress
reduction due to acoustic softening [7].

The present work follows an experimental approach for the
characterization of the effect of the ultrasonic vibrations on the
force reductions during the UAT process, in comparison to
conventional turning. After testing the effect of the process for
a wide range of parameters, empirical expressions are proposed
for the calculation of the force reductions during UAT
processes. Finally, the capabilities of these expressions to
reproduce the experimental behaviour are discussed and
evaluated.
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2. Ultrasonic assisted turning device

The UAT system is comprised of a 20 kHz ultrasonic
transducer and booster from MPI Ultrasonics and a custom
made sonotrode adapted to hold a cutting tool. It is designed to
apply an ultrasonic vibration in the tangential (cutting speed)
direction on the cutting tool. The ultrasonic transducer is
actuated by a generator capable of modifying the amplitude
output of the sonotrode. In order to evaluate the behavior of the
UAT system, the vibration output at the tool tip was measured
using of a Laser Doppler Vibrometer from Polytec (OGV-505
Sensor head + OFV-5000 controller). The obtained signals
were acquired by a NI USB-6366 acquisition card, employing
a sampling frequency of 2 MHz.

Figure 1 shows an example for an acquisitions and its power
spectrum. On the right hand side of the figure, detailed views
for the amplitude signal and the power spectrum are shown. As
it can be seen, the system provides a high quality sinusoidal
output at the tool tip, with a sole predominant frequency
component at 20.445 kHz.
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Fig. 1. System vibration measurement and power spectrum.
3. Experimental analysis of cutting force reductions

Experimental machining tests were carried out in order to
evaluate the effect of the UAT process in comparison to
conventional dry turning. Cylindrical turning tests were carried
out on Ti6Al4V AMS4928 bars with CCMT 060204-MF 1115
carbide inserts from Sandvik. The UAT device was installed on
a Danobat NA-150 lathe to perform cutting tests. In order to
enable the measurement of the cutting forces generated during
the machining tests, a three channel force dynamometer
(Kistler 9129AA) was included on the clamping configuration
for the UAT device (See Figure 2).

Some cutting parameters were modified during the cutting
tests in order to analyze their effect on the forces generated
during the UAT process (Table 1). The UAT process is
controlled by the tool-workpiece contact ratio (TWCR) [1],
which is the ratio of the tool-workpiece contact time (%) during
a whole vibration period (7) as shown in (1). Thus, the
parameters (V., a) affecting the TWCR were modified in order
to analyze their effect. Also the effect of the parameters directly
affecting the chip load (f;, ap) and, thus, the force magnitude
were analyzed. The tests were carried out with fresh tools to
ensure that the measured cutting force values were not distorted
by the appearance of tool wear.

TWCR = (1)

Fig. 2. Image of the UAT system mounted on the lathe.

Table 1. Parameters analyzed during the cutting tests and their values

Parameter Values

Cutting speed — V. (m/min) 20-30-40-50-55
Feed per turn — £, (mm/v) 0,1-0,2

Depth of cut — ap (mm) 0,1-0,2
Vibration frequency - f'(kHz) 20,445
Vibration amplitude - @ (um) 0-8-10-12

Each cutting test was performed employing one value for
the cutting speed, the feed rate and the depth of cut. In the case
of the vibration amplitude, it was modified along the tests.
Figure 3 shows the cutting forces (F: tangential force, Fa: axial
force, Fr: Radial force) obtained for one of the tests. The effect
of applying and increasing the vibration amplitude on the force
components can be observed on the figure. Zone 1 corresponds
to conventional cutting (¢ = 0 pm), while zones 2, 3 and 4
correspond to UAT with 8, 10 and 12 pm of vibration
amplitude respectively.

V=20 m/min; f,=0,1 mm/v; ap=0,2 mm
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Fig. 3. Force measurements obtained for a cutting test.

4 repetitions were performed for each test in order to verify
the repeatability of the obtained results. For each repetition, the
reductions of the cutting forces when applying ultrasonic
vibrations on the tool were calculated in comparison to values
for conventional cutting. These reductions were obtained in
percentage values following the expression (2). Then, mean
reduction values and standard deviations were calculated for
each test. The standard deviation obtained for the reduction of
each force component was 4.76% for tangential force, 8.62%
for axial force and 9.04% for radial force.
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%RFL =100- W (2)

Once obtained the percentage reductions for the three force
components, the mean effect of the tested variables was
obtained (Table 2). As it can be seen, the effect of the tool feed
(f,) and the depth of cut (ap) are lower than the standard
deviations obtained for the reduction of each force component.
Therefore it can be said that their effect on the force reductions
is negligible. On the contrary, the cutting speed (V.) and the
vibration amplitude (a¢) show noteworthy effects on them.
These effects agree qualitatively with results published
scientific in bibliography [1, 3, 4, 8, 9].

Table 2. Effect of the tested parameters on force reductions

Parameter %RFt %RFa %RFr
V. -26.55 -26.35 -38.43
e -4.43 1.23 -0.53
ap -2.17 3.74 -0.86
a 23.83 13.52 11.17

4. Empirical modeling

Once identified the parameters with significant effects on
the reduction of the force components, an empirical modeling
stage was carried out in order to obtain expressions that would
allow the calculation of the force reductions when applying
UAT in comparison to conventional turning. In the case of the
tangential force, Figure 4 shows the graphical representation of
the obtained percentage reduction values for this force
component.
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Fig. 4. Reductions obtained for the tangential force component.

As it can be seen, the tangential force reductions show a
linear evolution with the cutting speed for the tested vibration
amplitudes. Thus, a linear relationship was defined between the
tangential force reduction and the cutting speed:

%RF, =p1- Ve + D2 3

In order to include the effect of the vibration amplitude on
the evolution of the tangential force reduction, it was assumed
that the constant parameters p; and p, from (3) are lineally
dependent on the vibration amplitude:

pj=cji-atcp 4)

This way, by combining equations (3) and (4), we obtain the
expression (4) for the force reductions on the tangential

component. The value for the parameters C; from equation (5)
were obtained by conducting a linear least squares fitting of this
expression to the experimental results obtained for the
tangential force component. The obtained values are exposed
in Table 3 and Figure 5 shows a graphical representation of the
obtained fitting surface together with the experimental results.

%RFt=C11'Vc'a+C12']/C+C21'a+C22 (5)

Table 3. Values for the parameters from eq. (4)

Parameter %RFt
Cu 0.1423
Cp -2.1213
Cy 0.6219
Ca 79.7539
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Fig. 5. Fitting surface obtained for the tangential force component.

In the case of the axial and radial force components, the
evolution of their reduction with the cutting speed does not
show a linear shape. Instead, their evolution shows a curved
shape as it can be seen on Figure 6 for the case of the radial
force component. This way, a quadratic relationship was
defined between the reduction of the axial and radial force
components and the cutting speed (6). As in the case of the
tangential force component, a linear relationship as (4) was
assumed between the vibration amplitude and the parameters
pi1, p2 and p3 from (6). Thus, the expression for the force
reduction in the axial and the radial direction would be (7).
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Fig. 6. Reductions obtained for the radial force component.
%RFyr =p1 - VZ + 2 Ve +p3 (6)

%RF,, = ciq V2 a+cy Vit Vorate, Voterata, (7)
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After a linear least squares fitting procedure, the obtained
parameters C; from equation (7) can be seen in Table 4 for both
axial and radial force components. The fitting surface generated
when introducing the parameters from Table 4 in the expression
(7) can be seen in Figure 7 for the case of the radial force
component.

Table 4. Values for the parameters from eq. (6).

Parameter %RFa %REr
Cu 0.0011 -0.0054
Cp 0.0004 0.0892
Cy -0.0837 0.3503
Co -0.7484 -7.3262
Cy, 4.8987 -1.7281
Cs; 31.7239 128.8476
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Fig. 7. Fitting surface obtained for the radial force component.
5. Discussion

The present work analyses a broad range for the process
parameters with the highest effect on the cutting forces
obtained during turning in order to enable the development of
a predictive model for the force reductions during UAT.
Besides the effect of the contact ratio reduction generated by
the ultrasonic vibrations, no simple expression was found in
bibliography for estimating the force reductions during UAT
processes. This way, the results obtained from the empirical
expressions generated in the present work were compared to
the ones coming from the contact ratio variation (8):

%RF; = 100 - (1 — TWCR) (8)

Table 5 shows the values concerning the correlation
coefficient (R?), the mean error (ME) and the root squared
mean error (RSME) for both models in comparison to the
experimental results. As it can be seen, the TWCR model
obtains close results to the performed experimental tests for the
tangential force component, while the differences obtained for
the axial and radial components are noteworthy.

In the case of the empirical expressions obtained on the
present work, the results show a very good agreement to the
experimental tests. With null mean errors, all the RMSE values
are below the experimental standard deviation (o) values for
each force component and the correlation coefficients are
above 0.9, except for the axial component.

Table 5. Evaluation of results from present model and TWCR
Model R? ME

Component Gexp RMSE

%RFt 4.76% Present 0.92 le-15 4.17
TWCR 0.87 -7.68 9.40

%RFa 8.62% Present 0.83 Te-15 4.83
TWCR 0.79 11.34 13.37

%RFr 9.04% Present 0.95 4e-14 3.75
TWCR 0.73 27.78 29.07

6. Conclusions

Next conclusions can be drawn from the results obtained
during this work:

o The chip load (f;, ap) has a negligible effect on the force
reductions generated by the UAT process.

e The parameters found to have a significant effect in these
force reductions are the ones affecting the TWCR (7, a).

o It was possible to define empirical expressions that allow
calculating the effect of the UAT process concerning force
reductions with a very good degree of accuracy.

o The physical variables affecting the reduction of axial and
radial force components need to be analyzed in detail
besides purely kinematic parameters (V,, a).

The empirical expressions exposed on the present work can
help on the validation of analytical and numerical models for
the UAT process. Further work shall be carried out with UAT
models for analyzing the physical sources affecting the force
modifications generated by the UAT process.
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