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Abstract

The paper further develops the finite element (FE) model of ultrasonically assisted turning (UAT) discussed in Mitrofanov et al. [A.V.
Mitrofanov, V.I. Babitsky, V.V. Silberschmidt, Finite element analysis of ultrasonically assisted turning of Inconel 718, J. Mater. Process.
Technol., in press]. The advanced FE model (based on the general FE code MSC.MARC) allows transient, coupled thermomechanical
simulations of both UAT and conventional turning of elasto-plastic materials. This model is used to study the effect of cutting parameters
(such as the cutting speed, depth of cut and feed rate) and influence of lubrication on various features of two turning techniques, including
cutting forces and chip shapes. The recently obtained results on three-dimensional FE modelling of UAT are also presented. This 3D model
allows a study of chip formation in oblique turning.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tool-workpiece interaction, which is especially important for
the regime with multiple microimpacts in the process zone,
Ultrasonically assisted turning (UAT) is an advanced and other specific features of the cutting process in UAT has
machining technique, where high-frequency vibration (fre- not been fully understood, and the first finite element (FE)
guencyf~ 20kHz, amplitudea~ 15mm) is superimposed  model of the UAT has been proposed only recefiily That
on the movement of the cutting tool. Compared to conven- initial, purely mechanical finite element model was further
tional turning (CT), this technique allows significant im- developed into a transient, fully thermomechanically cou-
provements in processing intractable materials, such as highpled one for both UAT and CT. Some computational results
strength aerospace alloys, composites and ceramics. Supemwbtained with the latter model were discussed in REf.
imposed ultrasonic vibration yields for Inconel 718 (a nickel- The current paper offers further results obtained with this
base alloy widely used in aerospace industry) a multi-fold de- improved model with regard to the influence of lubrication
crease in cutting forces, as well as an improvement in surfaceand cutting parameters on the turning process, as well as with
finish by up to 50% compared to GZ]. The prototype of the its 3D version.
UAT system has been designed at Loughborough University, Finite element modelling is a main computational tool
UK, and a number of experimental tests have been performedfor simulation of the process zone and of tool-workpiece

Nn dv. of UAT in comparison to (3T. interaction i etal cutting. A detailed review of such FE
e taondershare: -
yse UAT as i rerim rvi ing gi pr pafét.
and the amplitude response of the cutting tool under load  Since this present paper presents a transition from the two-
for this cutting technique. However, thermomechanics of the dimensional to a three-dimensional one that is applied to ul-

trasonically assisted turning, a brief review of 3D FE mod-
med2@Iboro.ac.uk (N. Ah
at Elsevier B.
005.02.170

f nventional cutting processes is given below. The
ajority” of suggested schemes employ the method of
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chip separation along a predefined line, separating finite ele-
ments in the initial discretisation of the area, hence reducing
the flexibility of the analysis. Only a few schemes use other
techniques, such as elements deletion based upon penetra- v
tion [8], adaptive remeshing of the workpiece elemdgis
and combination of both the manual deletion and remeshing X
[10]. Adaptive remeshing that is employed in the current pa- z
per maps calculated fields of parameters onto the new mesh
to eliminate distorted in the shape of elements, which could
otherwise cause termination of simulations. The method has
an advantage of a relatively easy adjustment in the cutting di-
rection and angles, as well as other cutting parameters, such
as feed rate, without a necessity to reformulate the boundary
value problem as in the case of separation along a predefined.
An FEA analysis of heat generation in machining of
isotropic materials was conducted in REf1] in order to
study the effects of the convective heat transfer. Another ap-

proach, using an orthogonal FE model coupled with an an- Fig. 1. A scheme of relative movements of the workpiece and cutting tool

alyt'(_:al 3D mOdel of cutting, was deYe'Ope_d in REf2] tQ in 3D simulations of UAT. The magnitudes of cutting parameters are given
predict a chip flow angle and three-dimensional forces in the in the text.

tool. Another 3D model was developed in RE] that took ] ] .
into account dynamic effects, thermomechanical coupling, ~ 1he refative movement of the workpiece and cutting tool
constitutive damage law and contact with friction in order to in CT is simulated by the translation of the tool with the con-
study the cutting forces and plastic deformation. stant velocity. Harmonic ultrasonic vibration with a vibration
With 3D modelling of CT being used for the study of ~amplitude of 1j.m (peak-to-valley) is then superimposed on
tool forces and chip flow in conventional turning in last two  this tool movement in the tangential direction (i.e. alotg
decades, this paper presents the first three-dimensional FEBXiS inFig. 1) in order to model UAT. The vibration speed is
model of UAT. It has been recently developed and some com- several times greater than the chosen translational speed of

putational results, emerging from this 3D formulation, are the toolleading to the periodic separation of the tool from the
discussed. newly formed chip, thus transforming the process of cutting

into one with a multiple-impact interaction between the tool
and chip. Various stages of such vibration cycle are described

Ultrasonic
yibration

Cutting Speed,V,
— % WorkPiece

2. Model in detail in Ref.[3].
The current FE model is fully thermomechanically cou-
2.1. FE approach pled in order to properly reflect the interconnection between

thermal and mechanical processes in the cutting zone: exces-

The detailed description of the suggested numerical model sive plastic deformation and friction at the tool—chip interface
for a 2D formulation is given in Ref§l,13]. Its main features lead to high temperatures generated in cutting region, and that
of the computational scheme are described below. Both thenot only result in thermal expansion/stresses but also affect
two-dimensional and three-dimensional thermomechanically material properties of the workpiece, such as thermal con-
coupled FE models are based on the MSC.Marc general peductivity and specific heat. The detailed description of the
code[14]. thermomechanical processes in UAT in comparison to CT

In the plain—strain 2D model, an orthogonal turning pro- ¢&n be found in Re{13]. . .
cess, i.e. the cutting process where the tool edge is normal to  1he mechanical behaviour of Inconel 718 at high strains,
both cutting and feed directions, is consideréig,. 1shows strain rates and elevated temperatures can be adequately de-

as of r movements of the workpiece and cutting scribed by the Johnson—Cook material mddél), account-
in or nal 3D siniulatio : [ i1 ifivj tlis/employed in simula-
LIS P e
1

feed rateff =0.1 mm was used in simulations). The dimen- ép
&

sions of a part of the workpiece used in 2D simulations are oY = (A + Bey) -T"), 1)
2.5mm in length by 0.5 mm in height. The depth of cut (or
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1700 generation of excessive stresses in the cutting region. Fi-
s 1600 nally, the real geometry of the cutting tool can be studied
= 1500 with the 3D model, thus allowing the analysis of the in-
& 1400 fluence of the tool sharpness and wear on the cutting pro-
£ 1300 ——, =1 cess.
T 1200 =10 5"
> 1100 A =107

1000+ - | 2.3. Friction models
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Plastic strain, mm/mm The paper is mainly focused on the influence of lubrication
on the cutting process. The presence/absence of the lubricant
is simulated within the finite element framework by changing
] . ) S ] friction conditions at the tool—chip interface. As generally
in FE simulations and justified by infrared thermography ex- opserved experimentally, adding lubricants causes the chip to
periments, thermal softening of Inconel 718 is insignificant pecome thinner and more curled. The extent of influence of
(less then 5%). This model, utilised by many researchers (seeypricants on the cutting process also depends on the cutting
e.9.[16,17) as well as in our previous papgt], has been speed, feed rate and rake angle.
modified to prevent unrealistically high stress values at high | CT, the cutting tool is in permanent contact with the
strains, so that maximum stress values are limited to uItimateChip, and it is generally agreed that no lubricant can pene-

tensile strength of Inconel 718 at corresponding strain rateSrate the contact area where normal stresses at the chip—tool

Fig. 2. Effect of strain rate on plastic behaviour of Inconel 718.

(reaching 101/s in FE simulations). interface are higf]. However, lubricants can infiltrate along
the non-contact channels due to surface roughness of the rake
2.2. 3D formulation face of the tool. The length of these channels generally varies

from half to full chip thickness. When the lubricant reacts

The 3D model is introduced as an extension of the 2D with the chip in the region of these channels, the resistance
model and possesses a number of advantages compared tm chip flow is reduced, and that increases the shear plane
the latter. The additional dimension corresponds to the thick- angle. Consequently, the chip becomes thinner and unpeels
ness of the workpiece material layer being cut, i.e. the depthfrom the tool surface. Hence, the lubricant does not have to
of cut or the engagement length of the cutting edge. This penetrate the whole contact distance at the rake face to reduce
model allows studying various 3D effects in turning, such the contact area, its influence at the edge of the contact length
as non-orthogonal/oblique chip formation, as well as the in- is enough.
fluence of the tool geometry on process parameters, such as The nature of lubrication processes in UAT has not been
cutting forces and stresses generated in the workpiece mastudied yet. Nevertheless, the intermittent character of the
terial. The 3D model also permits to investigate the effect contact at the rake face of the tool in this case should al-
of various vibration directions of the cutting instrument in low gaseous or liquid lubricants to penetrate deep inside
UAT on the cutting process, and eventually should serve asthe contact area. It is believed that this should further in-
an optimisation tool for the UAT technology. Various com- crease the shear angle in cutting, and decrease the chip thick-
binations of vibration direction can also be studied numer- ness.
ically, whereas experimental implementation of them can  In many papers, the frictional contact at the tool—chip
be extremely laborious, as it may require designing of new interface in conventional turning is taken into considera-
types of ultrasonic transducers and mounting systems. Fur-tion, and various friction models are employed for this pur-
thermore, the three-dimensional FE formulation helps to per- pose. They include the Coulomb friction model, with friction
form a direct comparison of results of numerical simulations stress being proportional to normal pressure at the interface
experimental tests for oblique cutting, thus not requiring any (z = uop) [16,18,19] the shear friction modek(=mk where
changes to a standard cutting setup. This is important sincek is shear yield strengthR0]; the modified shear friction

qe E utting forces, based on the 2D ygmodelmodel (desctibed belowp1] and the stress-based polyno-
e di comparedionly t T i 22)¢ ™
%«J S can i impl ig t e ted at the tool—chip in-

intractable materials, as they require special setup arrangeterface leading to significant friction forces. The classical
ments or specific workpiece shapes, such as thin tubes. InCoulomb model is unable to adequately reflect friction pro-
addition, the 3D model does not need as many assumptionscesses under these conditions resulting in unrealistically high
as the 2D model, for example, the workpiece thickness isyfictiongierce. Hence, the shear friction mod&#] was cho-

forsimul@tions, here the friction force depends on the
cti f iva aterial and not the
rm rc in th . Thus, friction stress
ntroduce the
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ofr < —u%; sgnr) arctan(:—r> , (2)
cr

whereo is the equivalent stress; is a relative sliding veloc-
ity, ver is a critical sliding velocity below which sticking is
simulatedu is a friction coefficient.

3. Results of simulations and discussion

All variants of numerical (finite element) simulations be-
low are performed for two cutting techniques (CT and UAT)
for identical parameters so that results for CT could serve as a
reference for ultrasonically assisted turning. Two contact con-
ditions are studied at the tool—chip interface (a) a frictionless
contact and (b) a contact with frictiom & 0.5). The former
case corresponds to the well-lubricated cutting process, with
heat generation occurring only due to plastic deformation
processes. Case (b) corresponds to dry cutting conditions,
with additional heat being generated due to friction between
the tool surface and separated workpiece material.

Noticeable differences are observed between chip shapes
obtained in FE simulations with and without friction for both
CT and UAT. The radius of curvature of the chip under the
frictionless contact condition at the tool—chip interface is ap-
proximately 2.5 smaller than that for the contact with fric-
tion in 2D simulations of both CT and UATF{g. 3); that is
supported by turning experiments with different lubricants,
§howing higher values of the radius of curvature for dry turn- rig. 3. Equivalent plastic strains in the cutting region in simulations of UAT
Ing. With friction (1 =0.5) (a) and without it 4 =0) (b). Cutting parameters:

The chip thickness in simulations with friction is greater t=0.1mm,Ve=310mm/s{(=3ms).
than that in simulations without friction. The chip thickness
ratio r =t1/ty (seeFig. 1), i.e., the ratio of thickness of the The feed rate, i.e. the distance covered by the tool in the
uncut chip to that of the deformed one, equals 0.6 and 0.7,feed direction at each revolution of the workpiece, corre-
respectively, for simulations with and without friction, for sponds to the uncut chip thicknegsin the FE model. In
both CT and UAT. No significant differences between CT simulationst; is reduced from 0.1 to 0.05mmuE0.5).
and UAT are found in the value offor the same friction con- ~ Such a reduction leads to a decrease in the maximum tem-
ditions. This numerical result is also in good agreement with perature levels in the cutting region from 440 to 4QD
experimental studies showing only insignificant variations in and from 410 to 375C for UAT and CT, respectively. A
the chip thickness for both cutting schemes. drop in the cutting-tool temperature is also observed: it di-

An equivalent plastic strairef) is compared for CT and  minishes from 155 to 125C and from 130 to 100C for
UAT simulations since it represents an important feature of UAT and CT ¢=2.5ms), respectively. This temperature de-
the deformation process. A significant differenceis ob- crease with the reduction in the feed rate reproduces our
served in the cutting region in UAT compared to CT for all experimental results and is naturally explained by the de-
friction and thermal conditions (15—20% rise in case of UAT). crease in the amount of the material being removed per unit
i e with- time.

i ting=ti B_évbtures is also anal-
S e fric se lations demonstrate only
results reflect h|gher degrees of deformation levels for the a marginal increase in the tip temperatures with time for both
frictionless analyses for both CT and UAT leading to more UAT and CT. This shows that the temperature increase in the
curled chips, i.e. chips with a smaller radius of curvature. cuttingtoolis largely due to frictional interaction between the
This phenomenon is_observed both in frictionless numeni ol Chlp As in simulations with friction, the tip temper-

ell-l urning : ows faster than that in UAT, in spite of the final
ing hi or U ly due to the effect
on the i 3 ft nal fa ipation of the vibration

JATHIS also studied FE sim

(b) 0.8
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The obvious decrease in the workpiece temperature is ob-

tained in simulations of frictionless conditions, as heat gener-
ation due to friction is removed, with temperatures reaching
approximately 380 and 35@ compared to 440 and 41CQ

for UAT and CT, respectively, in the analyses with friction.
Still, temperature levels in UAT are higher than those in CT,

demonstrating that this temperature difference cannot be at-

tributed solely to frictional effects.

Our recent 3D simulationg={g. 4) confirm the results
obtained in the 2D analysis for the temperature distribution
in the cutting region. Maximum temperature levels in the
process zone and chip invariably higher in UAT simulations.
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Fig. 5. Comparison of forces in the cutting tool for UAT with friction
(1 =0.5) and without friction. For other parameters of the simulation, see

The highesttemperatures are registered along the contact ared9- 4

at the tool—chip interface in both UAT and CT models.

The significant difference in forces acting on the cutting
tool has been discovered between simulations of UAT with
and without friction Fig. 5. 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 with the chip. Low-level fluctuations of the
cutting force around zero level are explained by the remaining
contact between the cutter and freshly formed workpiece sur-
face, as well as by the numerical error of the FE simulations.

108
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e

114

Temperature, °C

0.2 0.4
Distance, mm

0.6

Fig. 6. Temperature distribution along the cutting edge of the fBabs in
Fig. 1) in simulations of UAT. For parameters of the simulation, Beg 4.

The maximum magnitude of the cutting force in simulations
with friction is by 20-25% higher than that in frictionless
simulations.

The temperature distribution along the cutting edge was
studied (sed-ig. 6): this kind of analysis is possible only
with 3D formulation, as in 2D simulations the cutting edge
is reduced to a single point. The analysis showed that the
maximum temperature is reached somewhere in the mid-
dle of the cutting edge, with insignificant drops towards the
ends of the cutting length. This result can be attributed to
the convective heat transfer from the surface of the tool into
the environment. This kind of the distribution is observed
throughout the simulation time, with the absolute values of
the tool temperature growing with time due to the frictional
heating and contact heat transfer from the chip and workpiece
surfaces.

4. Conclusi
™™

‘-215 m c FE model of ultrason-

ically assisted turning (UAT) is used to study the influence
of lubrication and cutting parameters on the process of UAT.
A 3D model is presented as an extension of this model and
to study three-dimensional chip formation and to
edictidistriBlitions of stresses, strains, cutting forces and

DW.

p u e e a tool.
The effe ub S ed by comparison of
ulations with an ction corresponding to dry
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and lubricated turning conditions, respectively. FEA showed [6] E.M. Trent, P.K. Wright, Metal Cutting, Butterworth-Heinemann,

thatin the frictionless case (in comparison to simulations with London, 2000.
friction)' [7] T.H.C. Childs, K. Maekawa, T. Obikawa, Y. Yamane, Metal Machin-

ing: Theory and Applications, Arnold, London, 2000.
¢ the radius of curvature of the chip is approximately 2.5 [8] A.U. Anagonye, D.A. Stephenson, Modeling cutting temperatures for
times smaller, i.e. chips are more curled, that is in good turning inserts with various tool geometries and materials, J. Manuf.
AR ] ' Sci. Eng. (Trans. ASME) 124 (2002) 544-552.
agreement with experimental results;

. " [9] O. Pantale, J.L. Bacaria, O. Dalverny, R. Rakotomalala, S. Caperaa,
o the cutting force is by 20-25% lower due to the absence 2D and 3D numerical models of metal cutting with damage effects,

of the friction force at the tool—chip interface; Comput. Meth. Appl. Mech. Eng. 193 (2004) 4383-4399.

e the temperature inthe Cutting region is by somelever [10] E. Ceretti, M. Lucchi, T. Altan, FEM simulation of orthogonal cut-
due to elimination of frictional heating; ting: serrated chip formation, J. Mater. Process. Technol. 95 (1999)

T L . . 17-26.

° th_e chip thickness ratio is insignificantly higher (chips are [11] M.V. Ramesh, K.N. Seetharamu, N. Ganesan, G. Kuppuswamy, Fi-
thinner by about 15%); nite element modelling of heat transfer analysis in machining of

o the level of equivalent plastic strains is by 5-7% higher; isotropic materials, Int. J. Heat Mass Transfer 42 (1999) 1569-
larger plastic deformation levels lead to more curled chip, 1583.

which was also observed experimentally; [12] J.S. Strenkows_kl,_ AJd. Shlh: J.C. _L|n, An analytical flnlte_ element
model for predicting three-dimensional tool forces and chip flow, J.

e the drop in the process temperature was registered for nu- -\ VoD a2 (2002) 723-731
m_erlcal sn_m_JIanons of cutting W|t_h the redUC(_?d feed rate; [13] A.v. Mitrofanov, V.I. Babitsky, V.V. Silberschmidt, Thermomechani-
this resultis in good agreement with our experimental mea- cal finite element simulations of ultrasonically assisted turning, Com-

surements and explained by a reduced material removal ~ put. Mater. Sci. 32 (2004) 463-471.
[14] MSC.Marc User's Guide, Version 2001, MSC Software Corporation,

rate.
Los Angeles, 2001.
[15] G. Johnson, W. Cook, Fracture characteristics of three metals sub-
jected to various strains, strain rates, temperatures and pressures,
Acknowledgements Eng. Fract. Mech. 2 (1985) 31-48.
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(2002) 301-329.

[17] P. Maudlin, M. Stout, Metal cutting simulation of 4340 steel using
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Min. Met. Mater. Soc. (1996) 29-41.
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