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Abstract. The process of ultrasonically-assisted turning (UAT) isipesposition of vibration of a cutting tool on its standard
movement in conventional turning (CT). The former techeifpas several advantages compared with the latter, one ofaime
being a significant decrease in the level of cutting forcaghis paper the effects observed in UAT are analysed emmgdgieas

of dynamic fracture mechanics. The active stage of loadiumgtébn depends heavily on ultrasonic frequency and theéngut
speed; he application of the fracture criterion based omtti@n of incubation time makes it possible to calculate petelence

of this duration on its threshold amplitude. An estimatibeioergy, necessary to create a threshold pulse in the miaisnnade

by solving the contact Hertz problem. The obtained time ddpace of energy has a marked minimum. Thus, the existence of
energy-efficient loading duration is demonstrated. Thidars the decrease in the cutting force resulting from soposed
ultrasonic vibration. The obtained results are in agreemih experiments on ultrasonic assisted machining of &lium and
Inconel 718 alloy.

Keywords: Ultrasonically-assisted turning, fracturerggefracture criterion

1. Introduction

Ultrasonic vibrations are widely employed in industry. rdound is used for cleaning and degreasing of
machine parts, intensification of chemical reactions, dsigg and structuring of melts as well as for many types
of mechanical technologies: cutting, wire drawing, etc.p&sure to ultrasonic vibration significantly affects the
material behaviour as well as the technological procesa;rasult of ultrasonic assistance the quality of produced
parts can be considerably improved. Application of ultrdswibrations can have a similar effect on quality and
finish of created surfaces and process precision. It alsesilpossible to treat high-strength materials that are
hard or even impossible to machine utilizing traditionahtieiques.

Numerous investigations of mechanisms of material regpdmsiltrasonic vibration have been conducted by
various researchers. For instance, it was observed thatisygosing ultrasonic vibration on a tool movement in
machining operations (e.qg. turning, boring or drillingduéed in a significant reduction of a force applied to thé.too
Various hypotheses have been suggested to explain theelratige force as the ultrasonic vibration is applied to
the tool, the main being the change of the effective defaomat properties of the material or reduction of friction
forces between the cutting tool and the processed material.
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Fig. 1. Effect of depth of cut on cutting force in traditior(a) and vibration-assisted cutting (2) (after [1]).

Extensive experimental investigations of processes apaaging ultrasonic and traditional cutting were conducted
in Japan [1]. Analyzing the experimental data, Kumabe [Hlaxed some of the observed effects of ultrasonic
vibration-assisted cutting by special features of thesruthjectory. The experiments were performed with a specia
experimental setup that allowed precise measurementdtion frequency and amplitude of the cutting tool. It
was also possible to register the vibration history and tasuee normal and main components of the cutting force.
On completion of an experiment, damage of the cutting edg¢iesofutter and roughness of the created surface were
assessed.

It was shown that addition of vibration in normal and axialkedtions had no practical use apart from certain
reduction in the surface roughness. Therefore, a spetéltain was drawn to analysis of machining assisted by
vibration of the tool in the direction of the principal comqmnt of the cutting force. The typical results for this case
are presented in Fig. 1. The obtained dependencies of thkedErutting force on the depth of cut are very close to
linear.

It was concluded that for a wide range of materials and foitranty cutting depth the force produced on the cutting
tool in the case of vibration-assisted cutting is signiftbaless as compared to traditional cutting.

The effect of the vibration amplitude on the cutting forces\vstudied for different materials, including aluminium
and carbon steel using orthogonal turning experiments.hdse experiments, ultrasonic vibration with various
parameters was superimposed on a constant-velocity matarhthe cutting tool. The level of cutting force was
used as basis for comparison of obtained results. For a ledirig rate of 0.2 m/min an increase in the amplitude
of ultrasonic vibration from Qum to 9-15um was accompanied by a significant reduction in the level tirag
forces — by 5-15 times. It was also found that introductionloBsonic vibration improved the surface finish. The
test on steel were performed with frequency of 20 kHz, thgiemcy used to machine aluminium was 18.4 kHz.
The similar improvements were found for other frequenaigst¢ 40 kHz) [1].

In experiments with aluminium samples, the effect of fedd mm the cutting force was also studied [1]. It was
found that the increasing feeding rate reduced the effegiboéition on the cutting force. It was demonstrated that
there existed a definite critical (threshold) feeding rabmve which the level of cutting force did not change with the
varying feeding rate. It means that in the case of turninp vétes exceeding the threshold rate, the main component
of the cutting force is the same as for traditional cutting, Vibration is not affecting the process in this case.

The effect of frequency of vibration was also analysed imitug aluminium for different feeding rates. For all
the studied frequencies, the cutting force increased \highf¢eding rate, saturated at the plateau corresponding
to the level observed in traditional cutting experimentgh{aut vibration). At the same time, the critical feeding
rate was different for different magnitudes of frequencgn@®aring measured critical rates, evaluated for different
levels of vibration amplitude and frequency, it was foundttthe critical rate is proportional to the product of
vibration frequency and vibration amplitude. Thereby,firee created on the cutter in the case of vibration cutting
is proportional to vibration rate and the feeding rate.
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Fig. 2. Effect of frequency on cutting force in dry turninglotonel 718 (cutting speed 335.24 mm/s; feed rate 0.2 mm).

Interesting observations were made studying chips. It wasd that chips produced using vibration-assisted
cutting were much longer as compared to those produced watlitibnal cutting, they were also thinner. The
character of chips also changed: in traditional cuttingpshiere more serrated. Measurements of their stiffness
revealed that chips produced without vibration were mordéred — 196 MPa instead of 132 MPa for ultrasonically-
assisted turning [1]. Itis an obvious sign of the lower invesess of the latter technique. This is also supported by
analysis of residual stresses in the sub-surface layeta/fomachining technologies; conventional turning reslilte
in a higher level of such stresses.

The main reason for differences between the two cuttingrigeies is the intermittent character of the contact
between the vibrating tool and machined material in UAT tteat be called aibro-impactcontact. Since exited
vibration of the tool is in the ultrasonic range, the dunatid each impact is of the order of 10 microseconds. With
vibration frequency being linked to duration of a single aapit is reasonable to suppose that there should exist
an optimal frequency magnitude minimizing the energy nemssto initiate separation of the machined material.
In other words, there should exist an optimal time of conkmttveen the tool and the turned material, resulting
in the most efficient cutting conditions. This paper aimsetednining such optimal conditions, treating material
separation as a type of a fracture process, and is focuseldeoapplication of the dynamic fracture mechanics
concept to defining the optimum impact parameters.

2. Finite-element modelling of tool-workpiece interactim

The finite-element method (FEM) is one of the main approaalsed to model interaction of a cutting tool and
material in machining problems. Traditionally, FEM wadimé&d to model conventional cutting. Due to complexity
of the geometry of the process zone and kinematics of thefohnipation process, 3D models accounting for a
three-dimensional character of cutting forces, stresgrsand temperature fields are required [2]. Generally, in
computational schemes it is assumed that chip separatmmoalong some pre-defined surfaces. This condition
limits the volume of material to be described. Opposite i®, ih several computational schemes another mechanism
of creation of a new surface was used [3], based on penetmatibe tool into the machined material. Finite-element
analysis should also account for coupling of thermal andhaeical processes in the cutting area [4].

Afirst 2D FE model of the orthogonal ultrasonically-assidigrning was developed recently to study the material
behaviour and chip formation processes and to analysesssitein state in the cutting zone [5]. In that model a
single cycle of ultrasonic vibration in UAT of Ni-base alltyconel 718 was analysed in details numerically. In the



336 G.A. Volkov et al. / Energy-based analysis of ultrasonjcalisisted turning

subsequent works (e.g. [6,7]) the model was advanced teidesonventional and ultrasonically-assisted cutting in
3D cases. As aresult of those simulations, a significantotéatuof the force produced on the cutting tool in the case
of ultrasonic assisted cutting was demonstrated. Theteffélse amplitude of ultrasonic vibration on the level of the
cutting force obtained in 3D finite-element simulationswhing of Inconel 718 is presented in Fig. 2. Apparently,
there is a sharp decrease in the force at changing from theentianal technique (CT) to vibration-assisted one. To
achieve comparability, the forces were averaged over tinggtal their intermittent character in the UAT: the tool is
in contact with the chip only a part of the vibration cycle.eTlatter is affected by vibration parameters. The results
of numerical simulations were in good agreement with expenital measurements performed at the special UAT
set-up at Loughborough University, UK.

3. Minimization of fracture energy

Most researchers dealing with problems of dynamic fractmeeusing fracture criteria based on extrapolation of
guasi-static fracture criteria to dynamic conditions. tigb they normally account for inertia and temporal charac-
teristics of the load applied, temporal characteristicgheffracture process are usually not taken into consiaerati
Utilizing this kind of approaches it is impossible to deyela method predicting a critical situation, leading to
fracture, applicable to both dynamic (high-rate loads)gumsi-static cases. In this work, an incubation time fractu
criterion [8], overcoming this shortcoming, is used in arttepredict fracture.

This approach is based on a concept of characteristic timaxfik asincubation timé of a fracture process. The
important feature of the incubation time fracture criteris its capability to predict fracture initiation conditi®
with reliability and precision for quasi-static cases datwely slowly changing loads and geometry as well as
for dynamic cases of high-rate loads and fast changes in gepifsee, e.g. [9-13]). Moreover, the criterion is
supplying a smooth transition between these two cases [éhce, this approach can be applied for an arbitrary
time scale of the problem — the criterion gives correct mialis in a wide range of loading rates from static
problems to the extremely dynamic ones. For the presenysinale need to consider a wide range of loading
rates and load durations, characteristic for two types afhiming techniques. In this regard the incubation time
fracture criterion is providing a unique possibility to @&mke correct estimations of conditions leading to fracture
for the complex problem of vibration-assisted machiningplcation of fracture mechanics in analysis of material
separation processes in cutting has been used by manyalesesaas an alternative to the use of approaches based
only on plastic flow (onset of yielding). Obviously, differematerials behave differently under various cutting
conditions, with some demonstrating a formation of a paekmear the tip of a cutting tool. A quick-stop device
(see for instance [14]) can provide evidence on the mechariis the process zone. Unfortunately, its use for UAT
conditions is hardly feasible due to high frequency and lowpktude of vibrations. It is also well known that an
increase in the strain rate results in increasing matsrilttleness. Hence, the fracture mechanics-based cbncep
can be considered for application to UAT that demonstratagsates higher by more than one order of magnitude
that those in CT.

In the simplest case the incubation time fracture criteisd8]:

t
/ 70) g5 < 1. 1)

Sk

g

whereo. is tensile strength of the material, evaluated for quasiestonditions, and is the incubation time of the
fracture process. Suppose that the shape of a loading mndgecapproximated by a smooth function:

o~

1 t
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wheret is the load duration. Then the load is given by

0 (t) = Omax - w (1), 2)
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whereo .« is the load amplitude. Substituting Eq. (2) into fracturigecion (1) one can obtain the critical amplitude
omax leading to fracture and corresponding to equality in Eg. (1)

o-T
Omax = "

max w(s)ds
te[0; to]t_fT (s)

4. Solution of a model problem

As an option for the way the energy is delivered to the fractzone consider a problem of impact interaction.
In [15] a problem for spherical particle with radisand velocityl” impacting an elastic half-space was analyzed
using the classical Hertz contact scheme. Maximum streggesaring in the half-space and duration of interaction
between the particle and the half-space were calculateatordiing to the Hertz hypothesis the contact fofee
arising between the particle and the half space can be fiezsas:

P(t) = kh?,

4 E
k:§\/ﬁ(1—u2)’ )

whereh is a particle penetrationfy andv are the Young’s modulus and Poisson’s ratio of the elastidianeThe
maximum penetration depfh, can be found as:

2
5mkV?2\ 5
ho = 4
o= (M) @
wherem is a particle’s mass. The impact duration can be presented as
2h / d h
0 2 0
to = — =2,94—. 5
0 |4 / 1-— 'y% TV (5)
0
The dependence of penetratibiit) on time can be approximated by
. -t
h(t) = hpsin <7T—> . (6)
to
Time-dependent maximum tensile stress generated in thaciteg media can be estimated by
1-2v P(t)
t) = e 7
O—(MR5 ) 2 7Ta2(t), ( )

where the radius of the contact akeg) is given by:
4F

Knowing the duration and amplitude of the applied load, tressnand velocity of the impacting particle can be
found from Eqgs (3)—(8):

1
o tO 6 Omax 2
=350 (5 p(1— 2y)> ’

Ve §p7r(171/2) ? 6 Omax ;
4 E 5p(1—2v))

a(t) = (3P(t) (1-1?) R)%. 8)
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wherep is a parameter of load intensity, in units of mass densitygah, is the maximum stress (i.e. load amplitude).
Evaluating initial kinetic energy of the spherical paidne can estimate energy, required to create fracture in the

impacted media:

13
tgagax
pIE4

€=« : 9)
where

13

2 (50-))/ 6 \¥
03(2.94)3< 4 ><5(1—2V))

is a dimensionless coefficient. This energy is plotted asnatfon of impact duration in Fig. 3 in dimensionless
coordinates. Material’s properties are taken to be equptdperties of Inconel 718 alloy{ = 204.9- 10° N/m?,

v = 0.284, 0. = 0.7-10° N/m? andT = 8us). A choice of this material was determined by its extensive
experimental studies in conditional and ultrasonicaligisted machining. For this material, a significant reduncti
of cutting force was registered as ultrasonic vibration apglied to the cutting tool (i.e. continuous loading was
substituted by pulsed impact loading) [15].

The choice of the magnitude of the incubation time- 8 us has the following reasons. The minimum of the
energy needed to create a fracture impact is achieves fputke duration that is two to three times higher than the
incubation timer [12]. The oscillation frequency in experiment of ultrasoassisted cutting of Inconel 718 equals
to 20 kHz, hence the minimum impact duration is ab§}ut: 25 us. It was suggested that the lowest power inputs
corresponds to pulses with durations closest to minimuneréfore, the incubation time is taken as one third of
these impacts’ average duration.

5. Computation of average cutting force

Suppose the force applied to the tool consisting of two camepts: dynamic component responsible for impact-
induced material separation and a constant compdrienglated to kinematics of the cutting process. The magaitud
of this constant force can be obtained from experimentsingakto account the fact that the energy that should be
supplied in order to create a fracturing loading pulse wélldmual to the work of the force on displacement, equal
to the vibration amplitude, the cutting force can be presgat

F = ;JrF(). (10)
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Fig. 5. Average force created on the cutter as a function ¢énadfeeding rate for ultrasonic assisted cutting of Imelo718 alloy: f = 20 kHz,
A = 25 um. Comparison of theoretical predictions (solid line) wigsults of FEM simulations.

where is the amplitude of vibrations. It should be noted thatabsolute value of energy needed to create a
fracturing load pulse depends on parametésee Eq. (9)). The effect of amplitude on the cutting force ba
calculated using Eq. (10) (Fig. 4); itis in good agreemeitithwkperimental measurements [1]. In these calculations,
Fy =~ 10 N and the cutting depth is equal to 0.05 mm.

Increase in the material feeding rate will result in the grayduration of contact between the tool and machined
material (i.e. loading duration will increase). Therefag the critical level will be achieved, the loading duration
will reach some threshold valug, above which the material will respond to the load in a qséaiic way [16,17].
Thus, for feeding rates exceeding the critical level, théemial's response will be the same as for traditional cgttin
To obtain the loading duration as a function of feeding rétte following formula can be suggested:

1 w 1
LA L 11
to 2v + We (to 21/) (11)

Using Eqgs (10) and (11) it is possible to plot the averagegfamplied to the tool as a function of the feeding rate
for ultrasonically-assisted cutting of Inconel 718 allGy (see Fig. 5). Similar dependencies are presented in Fig. 6
to compare the calculated results for ultrasonic turninglominium ¢ = 12 us, 0. = 0.1:10° Pa) with available
experimental measurements [1].
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Fig. 6. Effect of material feeding rate on average cuttingdoas a function of for ultrasonically- assisted cuttingaiminium; f = 20 kHz,
A =10um, Fy = 3 N. Comparison of calculations (solid line) and experiraedata.

The level of cutting force in the case of quasi-static lohdf depends on the cutting depth, is defined by the value
of p. The duration of pulsed interaction is inversely proparéibto the ultrasonic vibration frequency. Therefore,
knowing dynamic strength properties of the machined meisldossible to predict optimal operational parameters
for the machining device.

6. Conclusions

The obtained results, based on the incubation-time comeepemploying methods of fracture mechanics, provide
an explanation to the behaviour of the force applied to thengutool in case of ultrasonically-assisted machining.
The approach allowed a demonstration for the existence tifhapenergy-saving regimes of metal separation in
machining. It is shown that such a regime is linked to a teraldraracter of the fracture process. Optimal energy
saving for the determined durations of the critical impaeids provides a possibility to explain a significant drop in
the force generated on the cutting tool in the case of ultiasdly-assisted machining. Using the developed model
it is also possible to assess the effect of the feed rate ocutiiag force.
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