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Ultrasonic assisted machining is a manufacturing method which creates intermittent cutting
mechanism using ultrasonic vibration. Hot machining is another technique which uses external
heat source before or during machining operations. These methods help to machine difficult
to cut materials such as titanium, nickel, composite materials and improve surface machining
characteristics (low cutting force, stress level, etc.). Hot ultrasonic-assisted machining is a novel
machining technique that combines Ultrasonic Assisted machining (UAT) and hot machining
operations. In the present study, Hot Ultrasonic Assisted Turning (HUAT) of Ti6Al4V alloy
was studied numerically via DEFORM-2D software. Cutting speed, feed rate, vibrational pa-
rameters, and preheating temperatures were chosen as cutting parameters for the simulation
study. Cutting forces, maximum effective stresses, and cutting temperatures were calculated
with respect to these parameters. This process has also been investigated in terms of its effect
on the environment and energy consumption. Cutting speed, feed rate and preheating tempera-
tures affect machining characteristics while vibrational parameters do not affect significantly.
Decrease in cutting speed and feed rate leads to lower power consumption. Also, power con-
sumption changes with the increase in heating temperature and vibration frequency/amplitude.
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INTRODUCTION cent investigations have been carried out by using several
manufacturing techniques to improve machinability.
Ultrasonic Assisted Turning (UAT) is a periodic ma-
chining operation which uses external vibrations pro-
duced by an ultrasonic setup. Better surface finish, re-

duced cutting forces and residual stresses were obtained

Titanium alloys are chosen in aerospace, automotive,
biomedical and petrochemical industries because of their
mechanical properties. The materials have superior strength
and remarkable corrosion resistance at high temperatures.
In addition, the low density of titanium helps to reduce

weights in mechanical structures [1]. However, machin-
ing of titanium is still difficult due to high hardness, deep
chemical affinity and reduced thermal conductivity [2]. Re-
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for workpieces [3-9]. UAT uses high frequency (15-25
kHz) and low amplitude (5-30 pm) vibration during ma-
chining [10-13]. In literature, different studies have been
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performed to observe the UAT method. Several studies
suggested models for predicting workpiece surface rough-
ness [14-17] and surface texture based on vibration char-
acteristics [18-23]. Also, different analytical-numerical
studies were carried out [24, 25]. In order to minimize
cutting forces, an ultrasonic-based vibrational machining
system was used [26]. It was obtained that vibrational cut-
ting reduces the cutting forces in machining operations.
Dynamic recrystallization grain size at the workpiece
surface was studied for UAT operation [27]. According
to some studies about HUAT, the method contributes a
further decrease in cutting forces compared to UAT tech-
nique due to the thermal softening. Also, the smoother
chip flow was observed on the cutting tool [13, 28-32].

A novel hybrid method, namely hot vibration-assist-
ed machining, was emerged in recent investigations. This
technique takes advantage of intermitted cutting through
vibration assistance and thermal softening through heat as-
sistance in material removal of aerospace alloys. The first
investigations were carried out by a research team from
Loughborough University in 2011 [33]. In hot vibration-as-
sisted machining, material removal mechanism is relieved
due to intermitted cutting motion in addition to reduced
flow stresses by the effect of thermal softening. This leads
to a prolonging tool life because harsh cutting conditions
are suppressed in material removal. Moreover, a significant
improvement is obtained in surface finish due to facilitat-
ed machining process. Muhammad et al. [34] designed a
hot vibration assisted turning operation. In this work, an
ingot of titanium alloy (Til5V3Cr3Al3Sn) was heated to
300 °C by using a tunnel furnace and then ultrasonic based
vibrational cutting was carried out for the workpiece. A ce-
mented carbide cutting tool with a cutting speed of 10 m/
min was used in the experiments. Based on the results, hot
vibration assisted turning method provided the lowest cut-
ting forces amongst the investigated operations Farahnaki-
an et al. [13] investigated the same concept. However, they
improved the heating process by using a plasma torch for a
much controllable temperature distribution on workpiece.
For this reason, heating could be accumulated on a local
area prior to material removal. A 27 kHz frequency ultra-
sonic system was adapted to turning operation to produce
vibrations having an amplitude of 10 um on cutting tool. A
CBN insert was used for the turning operation of AISI 4140
alloy with a hardness of 50 HRC. By enabling plasma heat-
ing, workpiece temperature increased to 330 °C. In hot vi-
bration assisted turning, cutting forces were within a band
of 60-90 N, whereas cutting forces were around 100 N in
vibration-assisted turning. In conventional turning, cutting
forces reached 120 N. This novel cutting technique was also
applied to most common aerospace alloys, Ti-6Al-4V and
Hastelloy-X [28-30].

In this study, HUAT method was numerically investigat-
ed to find out appropriate cutting parameters. Parametric

research was carried out. Ti6Al4V was selected to machine.
Cutting speed, feed rate, preheating temperatures, and vi-
brational parameters were used as cutting parameters in
the simulations. An experimental research was conducted
to validate the developed model. Cutting tool temperatures
were used to compare the results. The research gives an in-
depth understanding of HUAT, which can be an alternative
for conventional machining. To the best of our knowledge,
hot ultrasonic turning simulation of Ti6Al4V has not been
performed with respect to different cutting parameters be-
fore. Also, this process has not been previously investigated
in terms of its energy consumption and its effect on the en-
vironment. The aim of this paper is to investigate HUAT in
terms of different cutting parameters and energy consump-
tion using a simulation study. In the second part, the nu-
merical details of the model were given. In the next section,
numerical results were presented and discussed. Then, an
experimental research was performed to validate the sug-
gested model. In the last part, conclusions were given.

MATERIAL AND METHODS

2D FE model was created using DEFORM-2D program.
Lagrange FE formulation was used. Dry machining condi-
tion was used. Ti6Al4V was used as the workpiece. A snap-
shot of the program is given in Figure 1. In the Figure, y
shows feed direction and x shows cutting direction.

Johnson-Cook material model was used to model the
workpiece. The equations of the model are shown below
(Egs. 1, 2). Table 1 presents the value of coefficients for
this model. The parameters of the cutting tool are shown
in Table 2.

' (1)
o=(4+Be" |1+ £ |[1-17)
&0
p o - Tem) @)
(Tmelt _Traam)

€ . . . .
— [Plastic strain rate/reference plastic strain rate
go /(dimensionless strain rate).

n: Sensitivity of strain rate for the material.

T ... Room temperature.

T . Melting temperature of the material.

A,B,C,m: The constants of the material.

Friction models, friction zones, and coeflicients were
obtained using different trials and a literature study [35].
Hybrid friction model (shear and coulomb friction) was
used and coeflicients were taken 0.7 according to different

trials. Also, material properties for Ti6Al4V have been de-
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Figure 1. The snapshot of the DEFORM-2D program.

Table 1. The coeflicients of the Johnson-Cook model [31]

o

Material A(MPa) B(MPa) C n m
Ti6Al4V 724.7 683.1 0.035 0.47 1 2000
Table 2. The parameters of the cutting tool

The material of the cutting tool WC + TiAIN
The rake angle 0°

The clearance angle 7°
Edge radius 0.02 mm
Table 3. Mechanical/thermal properties of Ti6 Al4V
Mechanical/Thermal properties Ti6Al4V
Elasticity module (MPa) 0.7412 T+113375
Thermal expansion (mm.mm °C*) 3x10°T +7x10°°
Thermal conductivity (watt. m™ °C™") 7.039x100001T
Emissivity coefficient 0.7
Poisson ratio 0.31
Table 4. Parameter table

Parameters Levels of parameters
Cutting speed (m/min.) 10, 20, 30, 40
Feed rate (mm/rev) 0.03,0.1,0.2
Preheating temperature of the workpiece (°C) 100, 200, 300, 500
Vibration frequency (Hz) 17,19,20,24
Vibration amplitude (micron) 2,8,10,15,20

termined using the literature [35] (Table 3). All input values
(friction models, coeflicients, material coeflicient etc.) were
determined according to experimental results which is giv-
en in in the experimental study title.

The parameter table is given in Table 4. The selection
of the parameters and their levels has been benefited from
literature studies [33-34, 36]. Preheating temperature is the
initial temperature of the workpiece. It was set to different
temperatures using workpiece settings. The ultrasonic vi-
bration was given as a function and it was applied in the
cutting direction. The cutting tool vibrates harmonically in
the direction of cutting speed (Egs. 3, 4).

Table 5. Mean cutting forces, max. effective stress and max.
cutting temperatures at different

Cutting F, E Max. Max.

speed N) (N) effective cutting

(m/min) stress temperature
(MPa) (°C)

10 103.5 36.4 1230 340

20 105.0 35.1 1562 445

30 120.7 44.4 1871 512

40 125.1 453 2150 617

Table 6. Mean cutting forces with respect to different feed
rates

Feed rate F, FY Max. Max.
(mm/rev) (N) (N) effective cutting
stress temperature
(°C)
0.20 193.5 66.2 2080 665
0.10 125.1 453 1782 512
0.03 102.2 37.2 1630 496

U = -acoswt (3)

U=0(4)

where w=2nf, f and a show frequency and amplitude of
the vibration, respectively.

RESULTS AND DISCUSSION

The Results of the Simulation Study

Different trials were performed to find the optimum
number of mesh. After the trials, in the simulations, 1062
elements were used for the cutting tool, and 5152 elements
were determined for the workpiece. The results didn't change
significantly when the elements were increased. The vibra-
tion was applied in the cutting direction. Table 5 gives the
mean cutting forces with respect to various cutting speeds.
The other parameters of the study were kept constant (Work-
piece preheating temperature=100 °C, feed rate=0.1 mm/
rev, vibration frequency/amplitude=20 kHz/20 microns).

When the cutting speed is increased from 10 m/min to
40 m/min, the mean cutting forces (F, Fy), max. effective
stress and max. cutting temperatures are increased. The
main reason of high cutting forces in UAT is that the tool
separation in one complete cycle vanished at high cutting
speed. Max. cutting temperature is nearly 617 °C at 40 m/
min. An increase in temperature is obtained as cutting
speed increases, as expected. The results of the study are
consistent with the literature [36]. Figure 2 shows F_cutting
forces at 10 m/min cutting speed. Figure 3 gives F cutting
forces in terms of time.

Table 6 displays the change of cutting forces at various
feed rates. The other parameters of the work were kept
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Figure 2. F_forces at 10 m/min cutting speed.
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Figure 3. F forces at 10 m/min cutting speed.

constant (cutting speed=40 m/min, workpiece preheating
temperature=100 °C, vibration frequency/amplitude=20
kHz/20 microns). As the feed rate decreases, the mean re-
sultant cutting forces decrease. The cutting forces increase
as the amount of the removed chips increases at high feed
rates. The maximum effective stresses and max. cutting tem-
perature varies between 1630-2080 MPa and 496-665 °C at
feed rates of 0.03-0.2 mm/rev. An increase in the tempera-
ture of the cutting zone is seen when the feed rate increase.

Table 7 gives the mean cutting forces, maximum ef-
fective stresses and maximum cutting temperatures with
respect to different preheating temperatures. The other pa-

Table 7. Mean cutting forces, maximum effective stresses
and maximum cutting temperatures at different preheating
temperatures

Preheating F_ F Max. Max.

temperatures (N) (N) effective cutting

(°C) stress temperature
(MPa) (°C)

100 125.1 45.3 2030 617

200 99.5 34.7 1783 710

300 92.2 32.2 1567 752

500 87.0 28.3 1400 851
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Figure 4. Distribution of effective stresses for the initial
temperature of 100 °C.

Stress - Effective (MPa)
1400

Figure 5. Distribution of effective stresses for the initial
temperature of 500 °C.

rameters of the study were kept constant (cutting speed=40
m/min, feed rate=0.1 mm/rev, vibration frequency/ampli-
tude=20 kHz/20 microns).

Preheating of workpiece reduces cutting forces and
maximum effective stresses. When the heating tem-
perature increases, the bond strength of the workpiece
decreases and the internal stresses of the workpiece de-
creases accordingly. When the preheating temperature
of the workpiece rises from 100 °C to 500 °C, the mean
resultant cutting forces (F and F ) are reduced by approx-
imately 30% and 37%. While the workpiece temperature
rises from 100 °C to 500 °C, the maximum effective stress

Temperature (C)
593

402

231

19.9

Figure 6. Cutting temperature distribution for 17 kHz vi-
bration.

Table 8. Mean cutting forces, maximum effective stresses
and maximum cutting temperatures with respect to the dif-
ferent vibration amplitudes

Amplitude F, F Max. Max.
(micron) (N) (N) effective cutting
stress temperature
(MPa) (°C)
15 97.5 33.0 1930 652
10 101.0 34.5 1902 649
102.0 36.8 1881 601
107.5 40.3 1830 580

Table 9. Mean cutting forces, maximum effective stresses
and maximum cutting temperatures with respect to the dif-
ferent vibration frequency

Frequency Fx Fy Max. Max.

(kHz) (N) (N) effective cutting
stress temperature
(MPa) (°C)

24 104.7 38.3 1930 730

19 107.5 39.5 1783 631

17 111.2 46.8 1630 593

drops. Considering the cost of high temperatures of ti-
tanium, it is advised that machining above 200 °C can-
not provide significant benefits in terms of cutting forces
because the forces cannot change significantly (nearly
20% between 100 °C and 200 °C whereas 13% between
200 °C and 500 °C). The reason for lower cutting forces
and lower effective stresses is the thermal softening of the
workpiece at high temperatures. Max. cutting tempera-
ture increases because of the increase in the preheating
temperature of the workpiece. The results of the study
seem to be compatible with the literature [36]. Figures 4,
5 show the distributions of effective stresses for 100 °C
and 500 °C, respectively.
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Figure 7. Ultrasonic assisted turning setup (schematic).
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Figure 8. Comparison of experimental and simulation
studies.

Tables 8, 9 give the mean cutting forces and maximum
effective stresses for different vibration amplitudes and
vibration frequency. The other parameters were kept con-
stant (preheating temperature 100 °C, Cutting speed=40
m/min, Feed rate=0.1 mm/rev). Figure 6 shows the cut-
ting temperature distribution for 17 kHz vibration.

Cutting forces, max. effective stresses and max. cut-
ting temperature do not change significantly when the
vibrational amplitude or frequency changes. When the
vibration amplitude increases, the extent of separation
between cutting tool/workpiece in one cycle increases,
which causes a higher force decrease in HUAT. It was
obtained that the higher vibration amplitude causes an
increases the force reduction. At lower frequency, the
cutting tool separation is slow in HUAT. Increasing vi-
bration frequency and amplitude causes higher cutting
temperatures.
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Figure 9. Power consumption in terms of cutting speed.
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Figure 10. Power consumption in terms of feed rate.
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Figure 12. Power consumption in terms of vibration am-
plitude.

Experimental Study

In the experimental research, a universal lathe was used
and an ultrasonic system (SONIKEL) was adapted. It is
shown in Figure 7. The frequency of the ultrasonic system
was 20 kHz, and the amplitude was measured as 20 pm us-
ing a dial indicator. The vibration was applied in the cutting
direction. A thermal camera (OPTRIS PI 400) was used to
measure the temperatures. Ultrasonic horn is a metal bar
that augments the displacement amplitude provided by an
ultrasonic transducer. Devices that generate or sense ultra-
sound energy are known as ultrasonic transducers.

The validation experiments were performed at 20 °C
and 100 °C for UAT. A tunnel furnace was used to heat the
workpiece before machining. The cutting speed was 40 m/
min and the feed rate was 0.1 mm/rev. The turning oper-
ation was performed using orthogonal cutting conditions.
The same cutting tool was used in the experiments. Exper-
imental and simulation studies were compared in terms of
cutting tool temperatures. Figure 8 displays the results. It

39
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Figure 13. Power consumption in terms of vibration fre-
quency.

was obtained that the experimental results are consistent
with the simulation studies.

Power Consumption and Environmental Effect of

the Process

The power consumption value is calculated by multi-
plying the cutting force by the cutting speed. Figures 9-13
show power consumption values with respect to different
cutting parameters. When cutting speed and feed rate de-
crease, cutting forces decrease and this causes lower power
consumption. In addition, power consumption decreases as
the heating temperature and vibration frequency/amplitude
increase. The power of ultrasonic equipment is 2000 watt,
and the power of the preheating furnace is 1500 watt. These
values should be taken into consideration with a constant
power of turning lathe. Ultrasonic machining technology
is an environmentally-friendly technology and does not
harm the environment. In addition, no cooling-lubrication
is required. Considering that the low preheating tempera-
tures for the workpiece have a positive effect on the cutting
forces, it is predicted that the energy consumption can be
controlled at the appropriate values.

CONCLUSION

HUAT is a novel machining technique that combines
UAT and hot turning operations. The method helps to ma-
chine difficult to machine materials and improve surface
machining characteristics (low cutting force, stress level,
etc.). In this research, a simulation study was performed
for this method (Hot ultrasonic assisted turning). Ti6Al4V
alloy was used as workpiece material. Cutting speed, feed
rate, preheating temperature and vibration frequency/am-
plitude were used as inputs. Cutting speed, feed rate and
preheating temperatures affect machining characteristics,
whereas vibrational parameters do not affect significantly.
Decrease in cutting speed and feed rate leads to lower pow-
er consumption. In addition, power consumption changes
with the increase in heating temperature and vibration fre-
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quency/amplitude. Hot ultrasonic-assisted machining is a
method that does not harm the environment. The proposed
study is useful to understand the effects of HUAT. In future
studies, different cutting parameters (tool geometry, etc.)
might be investigated. Also, various materials can be stud-
ied in the simulation studies.
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