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Abstract

Many modern engineering materials are very difficult to process with conventional machining methods. Ultrasonically

assisted turning (UAT) is a new technology, where high frequency vibration (frequency fE20 kHz, amplitude aE15 mm) is

superimposed on the movement of the cutting tool. Compared to conventional turning (CT), UAT allows significant

improvements in processing many intractable materials, such as high-strength aerospace alloys and composites, by

producing a noticeable decrease in cutting forces and a superior surface finish. Vibro-impact interaction between the tool

and workpiece in UAT during the chip formation leads to a dynamically changing cutting force in the process zone as

compared to the quasistatic one in CT. The paper presents an experimental study and computational (finite-element)

model of both CT and UAT. Forces acting on the cutting tool in UAT are studied, and their dependence on vibration

amplitude, frequency and vibration direction as well as on cutting parameters, such as feed rate and cutting speed, are

investigated.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Turning is a type of material processing operation where a cutting tool is used to remove an unwanted
material to produce a desired product, and is generally performed on a lathe. In recent decades, considerable
improvements were achieved in turning, enhancing machining of difficult-to-cut materials and producing
better surface finish. Various methods, such as high-speed machining, have been in use for considerable time.
However, machining of high-strength aerospace alloys, composites and ceramics causes high tool
temperatures and fast wear of cutting edges, lacks dimensional accuracy and requires a considerable amount
of coolant. These deficiencies of conventional turning (CT) necessitate the development of new cutting
techniques.

Ultrasonically assisted turning (UAT) has brought significant benefits to machining of hard-to-cut alloys. In
UAT, high-frequency vibration (frequency fE20 kHz, amplitude aE15 mm) is superimposed on the movement
of a cutting tool. Compared to CT, this technique results in a multifold decrease in cutting forces and a
considerable improvement in surface finish [1].
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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Despite all its advantages, this technique has not yet been widely introduced in the industry. Problems, such
as instability of the cutting process resulting in poor surface finish, prevented the full implementation of its
benefits. The development of an autoresonant control system [2] enhanced stability of the process by making
the vibrations regular, thus providing the way to the industrial introduction of UAT.

A prototype of the UAT system has been designed at Loughborough University, UK, and a program of
experimental tests has been implemented confirming advantages of UAT in comparison to CT. Dynamics of
UAT as a nonlinear vibro-impact process was studied in Ref. [3], and the amplitude response of the cutting
tool under loading was analysed for this cutting technique.

However, mechanics of the tool–workpiece interaction, which is of special importance for the regime with
multiple microimpacts in the process zone, and other specific features of the cutting process in UAT have not
been fully understood. This necessitates the use of finite element method (FEM), a main computational tool
for a simulation of the process zone and tool–workpiece interaction in metal cutting. A detailed review of FE
models of CT can be found in the monographs [4,5]; some recent examples are illustrated in Refs. [6–9]. These
models are used to study three-dimensional (3D) forces and tool dynamic effects, thermo-mechanical
coupling, constitutive damage law and contact with friction and their effect on cutting forces and plastic
deformation.

A first 2D FE model of UAT was suggested in Ref. [10]: the steady state UAT process as well as processes
within a single cycle of ultrasonic vibration were numerically analysed in order to understand mechanics
of the tool–chip interaction under conditions of superimposed ultrasonic vibration. This initial, purely
mechanical model was further improved, resulting in a transient, thermomechanically coupled one for
both UAT and CT [11]. The improved model also allowed replicating the multifold reduction in cutting forces
in UAT numerically that was previously obtained only experimentally. A detailed analysis of thermo-
mechanics of the UAT process was further conducted in Ref. [12]. A first 3D FE model of UAT was developed
as an extension of the 2D model and presented in Refs. [13,14]. The use of the 3D model allowed the study of
3D chip formation predicting distributions of stresses, strains, cutting forces and temperatures in the
workpiece and cutting tool. Effects of lubrication and friction on the chip shapes and cutting forces in UAT
and CT were studied [13] using both 2D and 3D FE models. The developed 3D model was also employed to
analyse the workpiece material’s response to ultrasonic vibration loading in Ref. [15]. Thermally induced
strains and residual stresses in the surface layer of the workpiece machined with UAT and CT were
investigated.

The cutting force is one of the governing parameters defining efficiency of the cutting process. A reduction
in the cutting force would result in the extension of the tool life, improved surface finish and roundness of
machined workpieces, as well as allow an increase in the material removal rate, i.e. in the amount of the
material removed in unit time. This paper describes experimental results obtained on our in-house UAT
prototype as well as respective computational results related to cutting forces obtained with the 3D FE model
of UAT [16].

2. Experimental results

Experimental measurements of the cutting force are performed with a piezoelectric Kistler dynamometer
(KIAG SWISS Type 9257A) that is fixed to the cross-slide of the lathe with the ultrasonic system mounted on
its top (Fig. 1). High rigidity of the system ensures measurements practically without displacement; thus the
dynamometer does not noticeably affect the stiffness of the tool–workpiece system. The cut-off frequency of
the built-in filter is 200Hz, consequently leading to the elimination of the high-frequency component of the
force during turning. Hence, the force measured with the dynamometer represents a mean value, which in the
case of UAT is averaged over a large number of cycles of ultrasonic vibration. The main component of the
cutting force, coinciding in this case with the direction of ultrasonic vibration, is considered to compare CT
and UAT.

The following cutting conditions are used in the tests: depth of cut ap ¼ 0.1–0.3mm, feed rate
s ¼ 0.03–0.1mm rev�1, and cutting speed VC ¼ 5–16mmin�1. The workpiece material is aged Inconel 718,
cutting tools used are tungsten carbide inserts (DCMT 11T304 supplied by Sandvik Coromant), and
Electrolube HDC400 cutting fluid is applied in the cutting region.
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Table 1

Cutting forces in CT and UAT of Inconel 718 for different feed rates (ap ¼ 0.1mm, VC ¼ 5mmin�1, turning with lubricant)

s, mm rev�1 FCT, N FUAT, N FUAT/FCT

0.03 120 30–40 0.25–0.33

0.05 170 100 0.59

0.08 205 120 0.59

0.1 255 160 0.63
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The forces in cutting can be represented with the Merchant’s force circle (Fig. 2). The resultant force R can
be resolved into components acting along different axes. Firstly, it can be obtained as a combination of
the main cutting force FX and feed force FY. Secondly, it can be projected onto the rake face and normal to the
rake face directions, becoming a combination of friction force Ffr and normal force FN on the rake face of the
tool. In our experiments and FE calculations, the main cutting force FX is analysed.

A dependence of the cutting force on the feed rate in turning is studied. The following cutting conditions are
used in these tests: ap ¼ 0.1mm, VC ¼ 5mmin�1. The measured cutting force in UAT (FUAT) is invariably
much lower than the cutting force in CT (FCT). The ratio FUAT/FCT is considerably lower at the low feed rate
(0.25–0.33), and stabilizes at about 0.6 at higher feed rates. With an increase in the feed rate from 0.03 to
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0.1 revmin�1, the cutting force in CT doubles, whereas that in UAT grows about fivefold (Table 1), but still
remains much lower than FCT. The increase in the cutting force with a growth in the feed rate is obviously
explained by an increase in the tool load at higher material removal rates. The difference in the ratio FUAT/FCT

for the lowest and highest feed rates can be attributed to the decrease in amplitude of ultrasonic vibration due
to the increased load acting on the tool.

The influence of the lubrication on the cutting force is also studied. The following cutting conditions are
used in this series of experiments: ap ¼ 0.2mm, s ¼ 0.03mm rev�1, VC ¼ 5–10mmin�1. The average reduction
in the cutting force with application of the lubricant onto the surface of the workpiece for UAT was about
30%, which was about double the reduction observed for CT. The ratio FUAT/FCT in dry turning was about
0.2 and 0.33 for VC ¼ 5 and 10mmin�1, respectively.

The influence of the cutting speed on the cutting forces is also experimentally analysed. With an increase in
VC from 5 to 15mmin�1, the force in CT decreases from 140 to 130N, whereas the force in UAT grows from
60 to 95N. A drop in the force in CT could be explained by the lower fracture toughness of the workpiece
material at higher strain rates resulted from greater cutting speeds. The growing force in UAT is caused by the
increased time of the contact between the cutting tool and chip, with the cutting speed getting closer to its
critical value (Vt ¼ 2paf).

3. FE model description

The current FE model utilizes the MSC MARC/MENTAT finite element code [17] and is based on the
updated Lagrangian analysis procedure that provides a transient analysis for an elasto-plastic material and
accounts for the frictional contact interaction between the cutter and workpiece as well as material separation
in front of the cutting edge.

3.1. Geometry, kinematics and FE mesh

A 3D model for the orthogonal turning process, i.e. the one where the tool edge is normal to both the
cutting and feed directions, is considered. The dimensions of the part of the workpiece modelled in simulations
Fig. 3. A scheme of the relative movement of the workpiece and cutting tool in 3D simulations of UAT.
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are 2.5mm in length� 0.5mm in height� 0.4mm in depth with the uncut chip thickness t1 ¼ 0.1mm (see
Fig. 3). It is worth noting that t1 corresponds to feed rate s in experiments. The relative movement of the
workpiece and cutting tool in CT is simulated by the translation of the tool with the constant velocity
VC ¼ 20mmin�1. Harmonic oscillation with vibration amplitude a ¼ 15 mm (peak-to-valley) and frequency
f ¼ 20 kHz is then superimposed on this movement either in the tangential or feed direction (i.e. along X-axis
or Y-axis, respectively, in Fig. 3) in order to model ultrasonic vibration of the tool:

u ¼ �a cos ot, (1)

where o ¼ 2pf .
Hence, the vibration velocity is described by the relation:

_u ¼ V t sin ot, (2)

where Vt ¼ 2pafE113mmin�1. Thus Vt4VC, providing a condition for separation of the cutter from the chip
within each cycle of ultrasonic vibration. It transforms the cutting process into the one with multiple-impact
interactions between the tool and chip. Various stages of a vibration cycle are described in detail in Ref. [18].

The cutting tool is modelled as a rigid body and consists of 512 eight-node hexagonal elements with thermal
properties of tungsten carbide. The workpiece is divided into about 1000 first-order tetrahedral elements in
simulations. Automatic remeshing is used in the workpiece and chip to update the mesh during simulations, as
otherwise some elements would become highly distorted that would affect the accuracy of the solution. The
initial FE mesh and that with the fully formed chip are shown in Fig. 4a and b, respectively.

3.2. Material model

The mechanical behaviour of the workpiece material (aged Inconel 718) is described in FE simulations by
the Johnson-Cook material model [19] that accounts for nonlinear material hardening and strain-rate
sensitivity:

sY ¼ ðAþ B�n
pÞ 1þ C ln

_�p

_�0

� �� �
ð1� T�mÞ, (3)

where A ¼ 1241MPa, B ¼ 622MPa, C ¼ 0.0134, n ¼ 0.6522, ep and _�p are plastic strain and plastic strain
rate, T� ¼ ðT � T roomÞ=ðTmelt � T roomÞ, Troom and Tmelt are the room and melting temperatures, respectively.

A term T*m is assumed to be negligible since thermal softening of Inconel 718 is insignificant (less then 5%)
within the temperature range that is obtained in both our FE simulations and infrared thermography
experiments for chosen cutting parameters. This material model, utilized by various researchers (see, e.g.
[20,21]), has been modified to prevent unrealistically high stress values at high strains, so that maximum stress
values are limited to ultimate tensile strength of Inconel 718 at corresponding strain rates (that can reach
105 s�1 in studied cases).

The developed FE model is fully thermomechanically coupled in order to properly reflect interconnection
between thermal and mechanical processes in the cutting zone: excessive plastic deformation and friction at
Fig. 4. 3D simulations of chip formation: initial mesh (a) and fully formed chip with remeshed mesh (b).
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the tool–chip interface lead to high temperatures generated in the cutting region. This results in thermal
stresses and volumetric expansion as well as affects material properties of the workpiece, such as thermal
conductivity and specific heat. More details on thermomechanical processes in UAT in comparison to CT can
be found in Ref. [12].

3.3. Friction model

High contact stresses are generated at the tool–chip interface leading to significant friction forces. The
classical Coulomb model is unable to adequately reflect friction processes under these conditions thus resulting
in unrealistically high friction forces. Hence, the shear friction model [17] was chosen for simulations, where
the friction force depends on the fraction of the equivalent stress of the material and not the normal force as in
the Coulomb model. Thus, the friction stress is introduced in the following form:

sfrp� m
s̄ffiffiffi
3
p

2

p
sgnðV rÞ arctan

V r

V cr

� �
, (4)

where s̄ is the equivalent stress, Vr is a relative sliding velocity, V cr is a critical sliding velocity below which
sticking is simulated, m is a friction coefficient, and sgn(x) is the signum function.

Two contact conditions are considered at the tool–chip interface: (a) a frictionless contact, and (b) a contact
with friction (coefficient of friction m ¼ 0.5). The former case corresponds to the idealized condition where
heat generation occurs only due to plastic deformation processes; it can be considered as an extreme case of
friction reduction due to lubrication. Case (b) models dry cutting conditions, with an additional heat source
due to friction between the tool surface and separated workpiece material.

3.4. Model capabilities

The current model enables us to study the influence of vibration parameters (i.e. frequency and amplitude)
on the process variables (e.g. stresses, strains, temperatures and cutting forces). The effect of various vibration
directions of the tool on the cutting process can also be analysed. An obvious advantage of the 3D finite-
element model is its capability to study various combinations of vibration directions, whereas their
experimental implementation can be extremely laborious, as it may require new types of ultrasonic transducers
and mounting systems to be designed. Furthermore, the 3D FE formulation helps to perform a direct
comparison of numerical results with experimental tests for oblique cutting, thus not requiring any changes to
a standard cutting setup. The model also allows for oblique chip formation and chip’s expansion in the lateral
dimension (along Z-axis in Fig. 3). Finally, the real geometry of the cutting tool is naturally implemented in
the 3D model, thus allowing the analysis of the influence of the tool geometry and wear on the cutting process
with ultrasonic vibration.

4. Results of FE simulations and discussion

All numerical (finite element) simulations below are performed for two machining techniques (CT and
UAT) with identical cutting parameters so that results for CT could serve as a reference for UAT.

A significant difference in forces acting on the cutting tool is obtained for UAT and CT. In simulations of
CT the force acting on the cutting tool remains practically unchanged, whilst in UAT simulations it changes
drastically within each cycle of vibration. The cutting force grows steadily from the moment of the first contact
between the vibrating tool and formed chip until it reaches the maximum level at the point of maximum
penetration. This maximum force is by 30% higher than the average force in CT. The force magnitude then
starts to decline at the unloading stage until it vanishes when the cutter separates from the chip and starts to
move away from it. The forces stay close to zero level until the cutter comes into contact with the chip again at
the next cycle of ultrasonic vibration. The comparison of values from Fig. 5 shows that the force in UAT
(averaged over the vibration cycle) is about 40% of that in CT. Low-level fluctuations of the cutting force at
the withdrawal and approach stages of the cycles are explained by the remaining contact between the cutter
and freshly formed workpiece surface, as well as by the numerical error involved in FE simulations.
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A difference in forces acting on the cutting tool is also obtained in simulations of UAT with and without
friction (Fig. 6). The maximum magnitudes of cutting forces are reached when the tool is in full contact with
the chip, with these forces dropping to zero levels when the tool disengages from the chip. The maximum
magnitude of the cutting force in simulations with friction is by 20–25% higher than that in frictionless
simulations. This result is in good agreement with our experimental measurements, showing 25% reduction in
the cutting force in UAT when the lubricant is applied (see Section 2).

FE simulations are conducted to study the effect of vibration amplitude and frequency on the force
acting on the cutting tool in UAT. An increase in the peak force with an increase in amplitude is observed
(Fig. 7), however, an average cutting force decreases. This is explained mainly by the increase of the relative
velocity of the cutting tool resulting in a shorter period of contact with a chip for a given frequency (i.e.
period) of ultrasonic vibration. A decrease of 28% in the average force is recorded for an increase in the
amplitude from 7.5 to 15 mm, and a further 24% decrease is observed when the amplitude increases from 15 to
30 mm (Fig. 7b).

In the analysis of the frequency’s influence on the cutting force, the peak force remains nearly at the same
level in all studied cases, but the average force decreases by 21% for a frequency increase from 10 to 20 kHz
(Fig. 8). A further 26% decline in the average force is observed when vibration frequency increases from 20 to
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Fig. 7. Effect of vibration amplitude on forces in cutting tool: (a) evolution of force, and (b) average cutting force (f ¼ 20 kHz, m ¼ 0.5).
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Fig. 8. Effect of ultrasonic frequency on forces in cutting tool: (a) evolution of force, and (b) average cutting force (a ¼ 15 mm, m ¼ 0.5).
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30 kHz. This trend can be explained by the increase in the velocity of the vibrating cutting tool, which
amplitude is proportional to both vibration amplitude and frequency (see Eq. (2)).

The cutting parameters corresponding to the typical combination of vibration parameters used in our
experiments with UAT (f ¼ 20 kHz, a ¼ 15 mm) are also investigated. Two different feed rates s ¼ 0.1 and
0.2mm are compared. It has to be pointed out that some smaller feed rates used in the experimental tests
(s ¼ 0.03–0.08mm) could not be analysed with the current FE model due to the limitation on the minimum
element size. Fig. 9 shows that whilst the character of the force evolution during the cycle stays the same for
both feed rates, an increase in the feed rate from 0.1 to 0.2mm (i.e. a two-fold increase in the material removal
rate) leads to a 40% growth in the maximum force magnitude.
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Cutting forces are compared in simulations of UAT with ultrasonic vibration applied in the tangential or in
the feed direction (see Fig. 10). When ultrasonic vibration is applied in the feed direction, there is no
separation between the cutting tool and chip within every cycle of vibration, as it was in the case of tangential
vibration; instead, separation between the tool and workpiece (along Y-axis in Fig. 3) takes place. In this case,
when the tool is not in contact with the workpiece, the average cutting force is equal to about 120N. Once the
tool comes into contact with the workpiece, the force rises to about 200N and stays at that level until the tool
loses contact with the workpiece at the next cycle of vibration. The mean cutting force over the cycle of
ultrasonic vibration is 130N in case of feed vibration, as compared to 50N for tangential vibration. Hence,
tangential vibration leads to a greater force reduction in UAT, thus it can be more beneficial for the cutting
process. Still, the final conclusion on the efficiency of vibration directions cannot be based only the force
comparison, as other factors, e.g. the quality of the machined surface, should be analysed.

5. Conclusions

The cutting forces in ultrasonically assisted turning (UAT) are analysed with computational and
experimental methods, with conventional turning (CT) being a basis of comparative analysis. A 3D finite-
element (FE) model allows calculations of the effects of vibration frequency and amplitude, feed rate and
friction on the cutting force. An increase in the vibration amplitude from 7.5 to 30 mm in FE simulations leads
to a 52% decrease in the average cutting force in UAT that could be explained by an increased part of a cycle
of ultrasonic vibration without a contact between the tool and chip. An increase in the vibration frequency
from 10 to 30 kHz results in a 47% drop in the level of average cutting forces, which could be attributed to an
increased velocity of the tool vibration. Hence, an increase in either vibration frequency or amplitude leads to
a decrease in cutting forces in the UAT process that is beneficial to increasing the accuracy of the cutting
process and improving material removal rates. Calculations also show that vibration in the tangential
direction causes the lower cutting force than that obtained with vibration in the feed direction.

For the typical combination of vibration parameters (f ¼ 20 kHz, a ¼ 15 mm) the calculated cutting force in
UAT is 40% of that in CT, whilst the experimental measurements showed that the force in UAT was 0.25–0.6
of that in CT for various feed rates. The comparison of feed rates indicates a 40% increase in the level of
cutting forces in simulations of UAT for doubling a feed rate from 0.1 to 0.2mm due to a higher material
removal rate in the latter case. Experimental results show a 60% increase in the cutting force in UAT when the
feed rate doubles from 0.05 to 0.1mm rev�1, hence we can conclude a fair agreement between experimental
and numerical results. The comparison of simulations with and without friction, corresponding to dry and
lubricated turning conditions, respectively, shows that in the latter case the cutting force is by 20–25% lower
being in a good agreement with experimental results indicating 30% decrease in the cutting force when the
lubricant was applied.
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