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Abstract: Nickel-based superalloys are widely used in the aerospace, automotive, marine and medical
sectors, owing to their high mechanical strength and corrosion resistance. However, they exhibit poor
machinability due to low thermal conductivity, high shear modulus, strain hardening, etc. Various
modifications have been incorporated into existing machining techniques to address these issues.
One such modification is the incorporation of ultrasonic assistance to turning operations. The assisted
process is popularly known as ultrasonic assisted turning (UAT), and uses ultrasonic vibration to the
processing zone to cut the material. The present article investigates the effect of ultrasonic vibration
on coated carbide tool wear for machining Nimonic-90 under dry and wet conditions. UAT and
conventional turning (CT) were performed at constant cutting speed, feed rate and depth of cut. The
results show that the main wear mechanisms were abrasion, chipping, notch wear and adhesion
of the built-up edge in both processes. However, by using a coolant, the formation of the built-up
edge was reduced. CT and UAT under dry conditions showed an approximate reduction of 20% in
the width of flank wear compared to CT and UAT under wet conditions. UAT showed approximate
reductions of 6–20% in cutting force and 13–27% in feed force compared to the CT process. The chips
formed during UAT were thinner, smoother and shorter than those formed during CT.

Keywords: tool wear; ultrasonic assisted turning; Nimonic-90; dry and wet conditions

1. Introduction

Nickel-based superalloys exhibit good mechanical strength and corrosion resistance.
Due to their superior properties, they are used in aircraft gas turbines, power plants,
engines, medical applications, space vehicles, etc. However, some characteristics such as
work hardening during machining, localisation of shear in the chips and tendency of built-
up edge (BUE) formation make them poor for machining. Moreover, these characteristics
produce high temperatures and stresses and increase tool wear, cutting forces, power
consumption, etc. [1]. Several researchers have applied various methods to reduce such
problems in the machining of superalloys. These methods incorporate hybridisation to the
existing machining process, modification of the microstructure of the workpiece material,
etc. Some hybrid machining processes, such as ultrasonic vibration-assisted [2], induction-
assisted [3], LASER-assisted [4], gas-assisted [5] and minimum quantity lubrication (MQL)-
assisted [6,7] machining are used to improve the machinability of those alloys.

Ultrasonic-assisted machining uses ultrasonic vibration to the cutting zone [2]. The
vibration is superimposed on the cutting action of the tool. Ultrasonic vibration has been
implemented to various conventional machining processes such as turning, milling and
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drilling. Muhammad et al. [8] performed UAT of the titanium base alloy Ti 6Al 7Zr 6Mo
0.9La to analyse forces and chips. The UAT showed an approximate reduction of 74% in
cutting force than in CT. The chips formed in UAT were shorter, thinner and discontinuous
compared with CT. Likewise, Khanna et al. [9] observed in the UAT of Inconel 718 that
surface roughness and power consumption significantly reduce compared to CT. Puga
et al. [10] studied surface quality in the UAT of cast and wrought aluminium alloy. It was
noted that the surface quality improved by 82%, and maximum peak height reduced by
59% in the UAT compared to CT. Maroju and Pasam [11] showed that UAT generated more
compressive residual stresses compared to CT. This was attributed to a reduction in heat
and stresses at the machining zone in the UAT compared to CT. Ultrasonic-assisted milling
(UAM) of Al 6063 was performed by Verma and Pandey [12] and showed that vibration
in the axial direction reduced average cutting force and increased standard deviation.
Similarly, Zhao et al. [13] investigated in UAM that the amplitude of vibration was mainly
responsible for a good surface quality. Moreover, it was also noted that the coefficient of
friction was lower in the UAM than in conventional milling (CM) for the same process
parameters. Niu et al. [14] implemented longitudinal-torsional vibration in milling of
Titanium 64 and concluded that the cutting force in the feed direction and the width of the
cut direction were reduced by 24% and 29%. A similar study of the UAM of Titanium 64
showed that the chip curl angle was smaller and edge burr was not obvious in UAM as
compared to CM [15]. Suárez et al. [16] performed UAM of Inconel 718 and found that
ultrasonic milling processed components showed a higher fatigue life than conventional
milling processed components. Paktinat and Amini [17,18] performed ultrasonic-assisted
drilling (UAD) of aluminium alloys to analyse burr formation, chips and surface quality of
holes. The UAD showed a reduction in burr height, thrust force and improved hole quality
compared to CT. Moreover, UAD produced discontinuous chips due to intermittent contact.
In another study of UAD of Al 6061-T6, it was seen that the UAD enhanced drilling depth
and reduced the magnitude of rubbing and stick-slip torque compared to conventional
drilling [19]. Pujana et al. [20] performed the UAD of Titanium 64 and found that the UAD
reduced feed force by 10–20% compared to conventional drilling. Moreover, it was also
concluded that the temperature at the tooltip was higher when vibration was applied.

Apart from surface roughness, cutting forces and power consumption in the UAT pro-
cess, few pieces of research have highlighted tool wear in the UAT process. Dong et al. [21]
performed UAT of Al2024 reinforced with SiC particles using the PCD tool to determine
the effect on tool wear. It was observed that the tool flank wear reduced in UAT, and the
possible mechanisms of wear were abrasion and adhesion. In a similar study carried out
by Amini et al. [22], it was found that tool wear was more significant in UAT than in CT
due to high impact forces exerted on the tool. Zou et al. [23] investigated diamond tool
wear behaviour in UAT of die steel. The UAT reduced approximately 58% of diffusion
wear of the diamond tool and 33% of graphitisation degree compared to that in CT. Like-
wise, in UAT of 4140 steel using the diamond tool, it was found that the tool wear was
less significant in UAT due to lower heat and stress concentration produced [24]. In an
ultrasonic-assisted end milling operation of hard mould steel, Tsai et al. [25] observed that
tool wear was less significant with ultrasonic vibration due to an axial movement of the
cutter, which promotes interfacial lubrication.

The above literature shows that UAT is an useful technique as it enhances the ma-
chining performance of hard-to-cut materials. However, the behaviour of the tool wear
in the UAT of these materials is not clear. The following gaps may be considered: (1) A
comparative analysis of the tool wear of Nimonic-90 in UAT and CT has to be studied;
(2) the mechanisms and behaviour of tool wear in UAT under dry and wet conditions need
to be explored.

An experimental study was performed under dry and wet conditions for UAT and CT
processes using Nimonic-90 as the workpiece material to address the gaps as mentioned
above. The output responses in terms of machining forces, tool wear behaviour and
geometry of chips formed during machining are discussed. The machining forces in terms
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of cutting and feed forces, and tool wear in terms of flank and crater wear, have been
analysed for both processes under dry and wet conditions.

2. Experimental Procedure

An in-house-developed UAT setup was used to perform the experiments. The setup
consists of a fixture, dynamometer, frequency generator, transducer, horn and cutting
tool, as shown in Figure 1. The frequency generator generates the electrical signal, which
is converted into mechanical vibrations by a piezoelectric transducer. These mechanical
signals propagate through the ultrasonic horn to the cutting tool attached at the end. The
objective of the ultrasonic horn is to amplify the vibrations to reasonable amplitudes. The
horn is a critical component as the vibration transmitted to the tool depends upon a few
important design parameters such as the length and diameter of the horn. Any deviation
from the recommendations for the parameters leads to the undesirable effect of transverse
vibration. As a consequence, the desired effect of longitudinal vibration decreases [26,27].
Here, the material used for the horn is aluminium 7075. The dynamometer placed beneath
the fixture measures the forces acting on the tool. The cutting force and feed force acting
on the tool are shown in Figure 1.
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Figure 1. (a) In-house-developed UAT setup and (b) flank and crater wear measurement.

Nimonic-90 was used as a workpiece material to perform the experiments. Nimonic-
90 is a precipitation-hardened nickel-based superalloy with high mechanical properties
along with corrosion resistance. It is strengthened by adding titanium and aluminium with
16–20% chromium to enhance the corrosion resistance. It is used for components subjected
to high-temperature environments [28]. The chemical composition of the workpiece mate-
rial is listed in Table 1. Similarly, for performing the turning experiments, chemical vapour
deposition (CVD) coated carbide inserts, CNMG 120408 (Make: TaeguTec) with a layer of
TiCN, Al2O3 and TiN, were used. The length of the cut used was 30 mm and, for each cut,
a fresh cutting edge was used.

Table 1. Chemical composition of Nimonic-90 [26].

Element C Si Mg Cr Ni Ti Al Co Fe

% Weight 0.08 0.13 0.018 18.1 Balance 2.4 1.09 18.5 0.82

The experiments were carried out at constant cutting speed, feed rate, depth of cut
and tool geometries, as given in Table 2. The machining was performed using CT and
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UAT under dry and wet conditions. Flood cooling was used for wet cutting conditions.
The length of the cut of 30 mm was considered for each experiment. Each experiment
was performed using a new cutting edge and was repeated two more times to reduce the
experimental error. The average of three responses was considered for analysis. Here, the
full factorial design has been considered for analysis, as a parametric study has not been
carried out.

Table 2. Input process parameters for experimentation.

Parameter Range

Workpiece Nimonic-90 cylindrical rod with a diameter of 40 mm
Tool WC with CVD coating of TiCN-Al2O3-TiN
Coating thickness (µm) 1–4 microns for each layer of coating
Rake angle (◦) 5
Nose radius (mm) 0.8
Machine tool Conventional lathe (HMT NH 22)
Specification Power of 11 kW, maximum spindle speed 2040 rpm
Cutting speed (m/min) 50
Feed rate (mm/rev) 0.2
Depth of cut (mm) 0.4
Cutting time 65 s at each input condition
Cutting action Conventional turning Ultrasonic assisted turning
Frequency (Hz) 0 20,000
Amplitude (µm) 0 10
Cutting condition Dry Wet Dry Wet
Cooling system Conventional flood cooling (SAE oil diluted in water)

The cutting force was measured in the direction of cutting speed and feed, using a
dynamometer. The dynamometer was placed beneath the fixture as shown in Figure 1.
The specifications of the dynamometer are given in Table 3. As per the ISO standard ISO
841:2001, the components of the cutting force in the cutting speed and feed direction can be
provided by Fc and Ff . The cutting force was measured three times at each input condition,
and the average value was considered for analysis. For each setting of parameters, a new
cutting edge was used. The cutting force was measured for 65 s and repeated two more
times to consider the average responses.

Table 3. Specifications of measuring instruments.

Dynamometer for Force Measurement

Manufacturer KISTLER
Series 9257 multicomponent

Measuring range −5 kN to 5 kN
Natural frequency 2–3 kHz

Scanning Electron Microscope to Characterise Tool Wear

Manufacturer JEOL
Series JSM 6610LV

Resolution mode 3.0 nm (30 kV), 8 nm (3 kV), 15 nm (1 kV)
Magnification 300,000

Accelarating Voltage 0.3–30 kV

Responses such as tool wear in terms of flank and crater wear were analysed and
compared for both the processes. The worn tools were inspected and characterised after
each experiment. The flank wear on a flank face and the crater wear on a rake face were
analysed, as shown in Figure 1b. The worn tools were etched in dilute hydrochloric acid
(HCl) to remove the adhered material for the characterisation. It was shown that HCl-based
solution does not affect the WC grains [29]. The flank wear measurement was performed
using an optical microscope. A scanning electron microscope was used to examine the
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analysis and pattern of the tool wear. The description of the scanning electron microscope
is given in Table 3. As listed below, the tool wear was decided as per the criteria given by
ISO 3685:1993 [30].

• The average width of flank wear (VBb) is larger than 0.3 mm.
• Catastrophic failure of the cutting edge.

3. Results and Discussion

As mentioned in Section 1, nickel-based superalloy exhibits higher tensile strength and
shear modulus, poor thermal conductivity, etc. These properties lead to accelerating the
tool wear and resulting in high machining forces and power consumption. The machining
forces in terms of cutting and feed forces, tool wear behaviour and chip formation are
discussed in subsequent subsections.

3.1. Machining Forces

The machining forces, in terms of cutting and feed forces, generated during CT and
UAT were measured, and average values are considered for the analysis. The variability is
shown by using a normal error bar.

The variation in cutting force with time in CT and UAT under dry and wet conditions
is shown in Figure 2. The variation in cutting force is almost similar in all the conditions.
The cutting forces progressively rise due to an increase in tool wear. The CT under dry
conditions produces the highest cutting force, whereas the UAT under wet conditions
produces the lowest cutting force. In the CT, the tool is in continuous contact with the
workpiece, which produces a high cutting force. In contrast, the intermittent cutting
characteristics reduce the friction between tool and workpiece, which ultimately reduces
the cutting force in the UAT [31]. Moreover, in the UAT, during disengagement, the cutting
fluid is allowed to penetrate between the tool and the chip, which further reduces the
cutting force by reducing friction. The CT under wet conditions also significantly reduces
cutting force compared to that in CT under dry conditions. The approximate reductions in
the cutting force in UAT under dry conditions are 20%, 9% and 6% compared to CT under
dry, CT under wet, and UAT under dry conditions, respectively.
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A variation in feed force with time in CT and UAT under dry and wet conditions is
shown in Figure 3. The variation in cutting force is almost similar in all the conditions. The
feed forces progressively rise due to an increase in tool wear. The feed force obtained in CT
and UAT under dry and wet conditions is shown in Figure 3. The feed force obtained in the
UAT under wet conditions is the lowest amongst both conditions. The CT does not show a
significant difference in feed force under dry and wet conditions; however, the difference is
noticeable in the UAT for both conditions. The UAT allows the cutting fluid to penetrate
during the disengagement period, which reduces contact between tool and workpiece and
ultimately reduces the feed force [32]. The approximate reductions in the feed force in UAT
under dry conditions are 27%, 17%, and 13% compared to CT under dry, CT under wet
and UAT under dry conditions, respectively.
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3.2. Tool Wear

In order to analyse the characteristics and mechanisms of tool wear in UAT and CT,
optical and scanning electron microscopy were used. The results obtained for flank and
crater wear are discussed subsequently.

3.2.1. Flank Wear

The variation in the width of flank wear (VBb) with machining time for UAT and
CT under dry and wet conditions is shown in Figure 4. The poor thermal conductivity
of Nimonic-90 increases the shear stress imposed on the tool, and ultimately, tool wear
increases rapidly [33]. The trend is almost similar for both cutting conditions. Initially, the
difference between VBb in UAT and CT is not significant. At the end of machining, CT and
UAT under dry conditions show a lower value of VBb than in wet conditions in both the
processes. This could be due to higher strain hardening during the machining of Nimonic-
90 under wet conditions, increasing the flank wear and reducing the tool life [34]. In the
UAT, the intermittent contact between tool and workpiece reduces the tool–workpiece
contact ratio and decreases tool wear. However, the UAT under wet conditions shows a
nearly similar value of VBb to that in CT under wet conditions. The CT and UAT under
dry conditions show similar results at the end of machining. However, the CT under dry
conditions shows better results between durations of 45 s and 65 s. This can be attributed
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to built-up edge formation in the CT under dry conditions, as shown in Figures 5 and 6,
which may reduce the contact between the tool and the workpiece and reduce the VBb [35].
At the end of machining, the size of the built-up edge may reduce, increasing the contact
between tool and workpiece, which increases the VBb. An approximate reduction in the
VBb is 20% in the UAT and CT under dry conditions compared to UAT and CT under wet
conditions at the end of machining. In other words, the VBb can be reduced by using dry
conditions in both the processes.

Characteristics of the flank wear in UAT and CT under dry and wet conditions, observed
by optical microscope, are shown in Figure 5. A built-up edge is observed near the tool nose
in the CT under dry conditions, as shown in Figure 5a. The built-up edge is formed due to
the chemical affinity and ductility of Nimonic-90. A similar observation has been made by
Chetan et al. [36] for machining Nimonic-90 under dry conditions. The wear of the main
cutting edge is also observed under the same condition. This may be due to friction between
the tool and the chip, which causes the abrasion of the main cutting edge [24]. The CT under
wet conditions shows more abrasion on the flank face and the main cutting edge, as shown
in Figure 5b. The width of flank wear significantly increases under wet conditions compared
to dry conditions. It can be said that the conventional cooling or wet conditions accelerate
the tool flank wear. The coolant suppresses the built-up edge formation and increases the
contact between tool and chip, increasing the abrasion at the flank face and main cutting
edge in wet conditions [37]. The UAT significantly reduces the width of flank wear under
dry conditions compared to CT, as shown in Figure 5c. The notch wear at the tool nose is
prominent in the UAT, which is not obvious in the CT. Since the cutting action is intermittent
in the UAT, the contact between tool and workpiece reduces, decreasing the abrasion on
the flank face. However, due to intermittent cutting action, the load on the tool nose rises,
increasing the possibility of notch wear at the tool nose. The UAT under wet conditions
reduces the flank wear compared to CT under wet conditions, as shown in Figure 5d. A
similar observation of a reduction in flank wear in UAT of AISI 4140 was also observed by
Lotfi et al. [24]. Due to the high stresses imposed by Nimonic-90, cyclic motion of the tool,
and thermal stresses due to wet conditions, the fracture is obvious in the UAT. It can be said
that conventional wet cooling increases the tool flank wear in the machining of Nimonic-90.
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In order to understand the behaviour of tool flank wear, scanning electron microscopy
(SEM, manufacturer, Dartford, UK) was used. The results obtained for the flank face are
shown in Figure 6. Initially, the CT shows better results compared to UAT under dry
conditions, as shown in Figure 4. At the end of machining, it shows a significant wear on
the flank face, as shown in Figure 6a. As explained earlier, the built-up edge is prominent
in the machining of Nimonic-90. When the built-up edge breaks, it takes away a small
particle of tool material, which leads to the fracture of the cutting edge. This may result in
an increment of flank wear as shown in Figure 4. Moreover, the fracture and notch wear
are observed on the flank face in the same condition. The notch wear is a V-shaped groove
in a depth-of-cut direction during the machining of nickel-based superalloy [38]. Another
wear mechanism observed is abrasion on the flank face. Hard carbide particles enter the
tool–workpiece interface leading to abrasion. The CT under wet conditions does not show
significant wear on the flank face, as shown in Figure 6b. Small chipping is noted at the
cutting edge due to the breakage of the built-up edge. In the wet conditions, the abrasion
on the flank face is not severe, which is obvious in dry conditions. Small abrasion on the
cutting edge is detected due to insufficient cooling near the edge [39]. In UAT under dry
conditions, the fracture at the nose and abrasion at the cutting edge are observed, as shown
in Figure 6c. The wear is not as severe as in CT under dry conditions. The fracture is mainly
due to the intermittent cutting action of the tool, and the hardness of Nimonic-90. As the
tool repeatedly separates from the workpiece, the hard carbide particles entering into the
tool–workpiece interface are reduced, thus the abrasion marks are not noted. However,
the situation is quite the opposite in the UAT under wet conditions, as shown in Figure 6d.
The use of a coolant enhances the tool wear in the UAT. The fracture and notch wear at the
tool nose and chipping at the cutting edge are observed. These may be attributed to the
work hardening of Nimonic-90 and fatigue loading due to ultrasonic vibration, enhancing
the wear even in wet conditions [26]. It can be said that the wet conditions accelerate the
tool wear and consequently reduce the tool life in the CT and UAT processes.

3.2.2. Crater Wear

Characteristics of the wear on the rake face in UAT and CT under dry and wet
conditions, observed by optical microscope, are shown in Figure 7. The crater is observed
in the CT under dry conditions, as shown in Figure 7a. The chips flow over the rake face,
which is mainly responsible for the crater formation. Nickel-based superalloy induces
higher stresses than steel, brass, copper, lead etc. during machining. These stresses are in
the range 900–1000 MPa for nickel-based superalloy, whereas they are 500–600 MPa for
titanium, 700–800 MPa for stainless steel, etc. [40]. In the machining of Nimonic-90, the
pressure and stresses near the tool edge increase the friction between tool and chip, which
causes crater wear. The edge chipping is also observed in the same condition. This may
be attributed to the high temperature generation at the cutting edge [36]. Figure 7b shows
that the CT under wet conditions displays a crater formation, but it is not as prominent
as in dry conditions. The wet conditions reduce the heat generation at the cutting edge,
decreasing the tendency of the crater. In this condition, the abrasion is also observed at the
cutting edge due to friction between tool and chip. The UAT under dry conditions shows
a catastrophic failure of the tool nose, as shown in Figure 7c. The dotted line indicates
the tool nose before machining. The cyclic action of the tool causes fatigue loading on the
tool, and the brittleness of tungsten carbide, leading to the failure of the tool nose. In the
same condition, a small abrasion is also observed at the cutting edge. The UAT under
wet conditions suppresses the failure of the tool nose, as shown in Figure 7d. However,
the formation of the crater and the chipping and a small abrasion of the cutting edge are
observed in the same condition. The crater formation is due to high temperature and
pressure near the cutting edge.
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Figure 7. Characteristics of crater wear observed by optical microscope (V = 50 m/min, f = 0.2 mm/rev, a = 0.4 mm).

In order to understand the behaviour of wear on the rake face, scanning electron
microscopy (SEM) was performed. The results obtained are shown in Figure 8. The CT
under dry conditions shows adhesion of the built-up edge and small chip particles on
the rake face, as shown in Figure 8a. The adhesion is attributed to sticking chips with
the tool due to a high pressure near the cutting edge [41]. In the wet conditions, a small
built-up edge and microparticles of chips adhere near the cutting edge. The use of coolant
suppresses the adhesion of the built-up edge on the rake face. However, insufficient
penetration of the coolant and high stresses near the cutting edge lead to the adhesion and
wear of the cutting edge. The research group of L.N.L. d.L [38,42] promoted discussion of
crater wear results and gave some ideas about the performance of coolant on superalloys.
During the machining of the superalloy under wet conditions, it was found that strong
adhesion on the rake face leads to a nose breakage on the tooltip. In the case of the UAT,
failure of the tool nose and chipping at the cutting edge are observed, as shown in Figure 8c.
This is explained by the phenomenon that in the machining of Nimonic-90, the temperature
and pressure are very high near the cutting edge, increasing the plastic deformation of the
tool near the nose in the dry condions [36]. Furthermore, a cyclic motion of the tool in the
UAT enforces the plastic deformation and ultimately leads to failure. The fracture at the
nose is suppressed by using the coolant in the UAT, as shown in Figure 8d. However, a
small crater, built-up edge and chipping of the cutting edge are observed. The crater is
mainly due to the chemical affinity of Nimonic-90 and tools [34,35]. A high temperature
near the cutting edge imposes the welding between chip and tool even in the UAT, leading
to the built-up edge and chipping adhesion.
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Figure 8. The behaviour of wear on the rake face observed by scanning electron microscope (V = 50 m/min, f = 0.2 mm/rev,
a = 0.4 mm).

3.3. Chip Analysis

The geometry and morphology of chips formed during machining are an integral part
of the machinability of workpiece material. The chips are variable in shape and size in
machining processes. The formation of chips comprises a shearing of the workpiece in the
primary deformation zone [40]. The chips produced during UAT and CT under dry and
wet conditions are shown in Figure 9. The chips formed under dry conditions are thicker,
whereas they are thinner under the wet conditions in both the processes. The coolant
reduces the chip thickness by reducing friction [26]. The CT under both the conditions
produces chips with a larger distortion and curling radius due to continuous contact with
the tool and workpiece [43]. However, the UAT under both conditions produces chips
with lower distortion and curling radius. This may be attributed to the aerodynamic
lubricating action that takes place in UAT, which reduces the distortion and thickness. The
chips formed during UAT under dry conditions show a better chip breakability. This is
attributed to the higher value of shear angle, reducing chip thickness and increasing the
chip breakability. The UAT under wet conditions produces continuous chips, as shown in
Figure 9d. This may be due to the cooling action, which restricts the crack propagation on
the chip and produces a continuous chip.
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Figure 9. Chips formed during CT and UAT and dry and wet conditions (V = 50 m/min,
f = 0.2 mm/rev, a = 0.4 mm).

4. Conclusions

CT and UAT of Nimonic-90 under dry and wet conditions were performed to analyse
cutting force tool wear behaviour and chips. The behaviour of tool flank and crater wear
was analysed microscopically. UAT on the mentioned conditions has been explored less
in the past; therefore, given the importance of UAT, a comprehensive study has been
presented. The following conclusions can be made:

• UAT under wet conditions shows approximate reductions in cutting force of 20%, 9% and
6% compared to CT under dry, CT under wet, and UAT under dry conditions, respectively.

• UAT under wet conditions shows approximate reductions in feed force of 27%, 17%, and
13% compared to CT under dry, CT under wet and UAT under dry conditions, respectively.

• At the end of machining, CT and UAT under dry conditions show an approximate reduc-
tion of 20% in the width of flank wear compared to CT and UAT under wet conditions.

• The primary wear mechanisms are abrasion, chipping, notch wear and adhesion of
the built-up edge in both processes. However, by using a coolant, the formation of the
built-up edge can be reduced.

• The chips formed during UAT are thinner, smoother and shorter than those formed
during CT, leading to improved machinability during the UAT process.
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Nomenclature

a Depth of cut (mm)
f Feed rate (mm/rev)
V Cutting speed (m/min)
Fc Cutting force
Ff Feed force
VBb Width of flank wear
CT Conventional turning
CM Conventional milling
CVD Chemical vapour deposition
PCD Polycrystalline diamond
SEM Scanning electron microscopy
UAD Ultrasonic assisted drilling
UAM Ultrasonic assisted milling
UAT Ultrasonic assisted turning
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