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Abstract 

The thesis deals with a novel machining technique - ultrasonically assisted turning 

(VAT)·- and its comparison with conventional turning (CT). The main objective of 

the research is a detailed analysis of various features of both processes, especially the 

deformational and thermomechanical behaviour of the treated material. The main 

emphasis here is on the superalloy Inconel 718 due to the industrial demand. 

A thorough analysis of the cutting techniques is possible only with the use of 

advanced finite-element numerical simulations validated by a range of experimental 

methods (mechanical, optical, microstructural and thermal). Various effects of 

technological parameters (lubrication, thermal contact conditions, etc.) on 

deformational processes, stresses and chip formation are studied. 

High-speed filming of the cutter - workpiece interaction zone is conducted to 

compare chip formation processes for both technologies. Light microscopy, scanning 

electron microscopy (SEM) and nanoindentation analyses are employed to study the 

differences in the microstructure of surface layers of machined workpieces. Cutting

force measurements and infrared thermography when turning with and without 

ultrasonic assistance are also carried out. 

The two-dimensional finite-element (FE) model is developed with MSC MARC 

general FE code and provides a transient, fully coupled thermomechanical analysis 

of both ultrasonic and conventional turning ofInconel 718. A detailed study of the 

VAT process is performed, including specificity of the single cycle of ultrasonic 

vibration. Differences between thermal and deformation processes for VAT and CT, 

effects of application coolant/lubricant, various friction conditions, and specific 

features of the heat conduction between chip and cutting tool are examined. 

For the first time, thermomechanics of VAT has been thoroughly analysed. The 

main outcome of the thesis is an in-depth understanding of the VAT process, and of 

its advantages and disadvantages in comparison to CT. Recommendations on further 

research development are also suggested. 
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Cbapter I Intro(luction 

1.1 General introduction 

Modem industrial manufacture often requires a material to be removed from 

initial shapes in order to produce final components. Metal cutting is used extensively 

for this purpose in a broad spectrum of industries. Cutting operations include turning, 

milling, drilling, and a range of other processes designated for various types of 

material shaping. This research is focused on one particular kind of metal cutting -

turning. 

Turning has been used extensively for decades, and vast experience has been 

accumulated in industry and through research concerning its different aspects. This 

led to a considerable advance in both practical technology and theoretical 

understanding oftuming. Sophisticated CNC (computer numerical control) machines 

allowing considerable automation of the process, have been developed. Advanced 

materials for cutting edges, such as coated carbide and cubic boron nitride inserts, 

have been introduced. High-speed machining has permitted a significant increase in 

material removal rates. The metal cutting science is presently a complex mechanical 

discipline that includes various theoretical models of cutting and allows us to study 

its different features, such as chip formation, heat transfer and tool wear processes. 

Modem turning techniques (e.g. high-speed machining) usually bring a desired 

outcome in cutting standard metal alloys, for example, engineering structural steels. 

However, some intractable materials, namely Ni-, Ti- and Cr-based alloys, that are 

widely used in aerospace applications, require the development of new machining 

techniques. When machined conventionally, these alloys cause fast wear of cutting 

edges due to their high strength and abrasivity even at relatively low cutting speeds. 

Machining such alloys also creates large cutting forces and high working 

temperatures, and often results in poor surface finish. New methods of machining are 

also needed for ceramics, glass and other brittle materials, which presently require 

prolonged and expensive post-processing operations, such as grinding and polishing, 

to obtain desired surface finish. Hence, a lot of activity in the development of turning 

is directed at improving the characteristics of machining for such intractable 
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materials. 

Ultrasonically assisted turning (UAT) is one of the most promising techniques 

invented for machining high-strength alloys. In conventional turning (CT) process a 

specimen is held in the chuck of the lathe and rotated; the tool moves with a constant 

velocity in the feed direction, cutting away a layer of the material and forming a 

cylindrical surface. In UAT, high-frequency vibration (/ '" 20kHz) with amplitude 

a'" 20 +30 Ilm is superimposed on this tool movement, transforming the process of 

cutting into one with a multiple-impact interaction between the tool and the formed 

chip. Compared to CT, this technique demonstrates the following benefits in 

machining intractable alloys: a decrease in cutting forces in up to several times, 

improvement in surface finish by 50 % and workpiece roundness by 40 %, as well as 

noise reduction (see, for example, [1,2]). 

Although the UAT technique was invented in 1960s, it has not been introduced 

into industry since. The main reason for that has been instability of the vibration 

process and of produced results of turning. This problem has been recently 

eliminated with an invention of the autoresonant control system that allows to 

stabilise the cutting process and makes the vibration regular. This control system has 

been designed and assembled at Loughborough University together with the original 

test rig for UA T. A range of experiments has been performed on these in-house 

facilities at Loughborough University confirming the advantages of UAT in 

comparison to CT. Ultimately, an introduction ofthe autoresonant control system has 

become a major breakthrough that permits successful industrial introduction ofUAT. 

Still, thermomechanics of UAT has not been studied with an appropriate level of 

detail, and only a basic level of its understanding has been achieved, thus preventing 

the technique from purposeful development. Various attempts have been carried out, 

and lately non-linear dynamic characteristics of an ultrasonic machining system, such 

as cutting forces and the amplitude response of the cutting tool under load, have been 

studied for the first time by the Non-linear Dynamics Research Group at 

Loughborough University. However, thermomechanics of the material response to 

UA T is not clearly understood, and only a little information is available on it. It is 

believed that better understanding of the heat transfer and mechanical processes 

involved in UAT would allow the optimisation of this advanced technique and 

extend the range of its application onto different material types. Such optimisation, in 
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its turn, would make the technique even more competitive and attractive for 

manufacturing industries, and thus would accelerate the process of its industrial 

introduction. 

A holistic analysis of the VAT process necessitates a combination of experimental 

studies and numerical simulations of the cutting tool - workpiece interaction. Both 

approaches are employed in the present thesis in order to investigate microstructural 

and thermal processes involved in VAT. Since the ultrasonically assisted technique 

was proposed as an enhancement of the existing eT methods, the comparison is 

naturally performed with eT at each stage of the research. Besides, eT has been 

studied for many decades and its theory is well developed, hence its comparative 

analysis with VAT may reveal peculiarities of the latter, allowing better 

understanding of the nature of the obtained improvements in cutting. 

1.2 Aims and objectives of this research 

The purpose of this research is to investigate microstructural and thermal 

processes in the tool-chip interaction zone. A fundamental mechanical study, which 

includes numerical (FE) modelling of the chip separation process and various 

experiments with the VAT prototype, can significantly improve the understanding of 

the VAT process. It is hoped that the results of this research will be useful for the 

optimisation of the ultrasonic cutting procedure and extension of the ultrasonically 

supported technology to different types of materials. 

It is worth pointing out that the experiments carried out in this thesis are largely 

focused on the study of thermomechanics of the tool-chip interaction and not on 

producing the best possible cut. Most of the experiments described here are unique 

(to the author's knowledge) and aimed at gaining advanced understanding of the 

VAT process. 

Finite element (FE) modelling can provide detailed spatial and temporal 

information on the mechanical and thermal features of the cutting process, and it has 

become a main computational tool to study metal cutting in the last decades. 

Nevertheless, to the author' knowledge, no FE models for VAT have been suggested 

yet. Hence, one of the objectives of the research is to develop a FE model of VAT, 

which would adequately describe the real cutting process and allow its comparison 

with eT. The model will be used to study and compare specific features of the 
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thel1TIal and defol1TIation processes for the two cutting techniques - CT and VAT, as 

well as investigate the influence of frictional contact interaction at the tool-chip 

interface on the chip fonnation. 

The objectives of the thesis are therefore: 

• To study the application ofFEM to modelling of metal cutting (see Chapter 3) 

• To study the historical development of VAT and state of the art in this area (see 

Chapter 4) 

• To undertake a comparative experimental analysis of the following features of 

two cutting techniques (see Chapter 5): 

~ Thel1TIomechanics of deformation processes and dynamics of the tool

workpiece interaction (using high-speed photography experiments and 

analyses of microstructure of chips obtained in turning) 

~ Influence of the cutting process on the properties of treated materials (on 

the basis of light microscopy, scanning electron microscopy (SEM), and 

nanoindentation experiments) 

~ Heat transfer in the workpiece material and into the cutting tool (based 

on infrared thel1TIography tests) 

~ Cutting forces 

• To develop a working two-dimensional FE model of VAT and study the 

following features of VAT in comparison to CT (see uncoupled and 

thel1TIomechanically-coupled FE simulations described in Chapters 6 and 7, 

respectively): 

~ Mechanics of the of the tool-chip interaction 

~ Stress-strain distributions in the cutting region 

~ Heat-transfer in the workpiece material and into the cutting tool 

~ Cutting forces 

• To validate that developed FE models adequately reflect experimental results (a 

comparison between experimental and numerical (FE) results is performed in 

Chapters 6 and 7) 

1.3 Outline of the thesis 

The rest of the thesis is organised into the following chapters. 
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Chapter 2 introduces the basic concepts of the mechanics of cutting, its 

nomenclature, chip formation fundamentals and experimental methods of research. It 

provides an essential background for the description and study of the ultrasonically 

assisted cutting process. 

Chapter 3 describes various aspects of the FEM application to modelling of metal 

cutting, reviews the historical development of FE models, and studies recent 

modelling publications relevant to the current study. 

Chapter 4 outlines the principles ofUAT and its application to turning operations, 

characterises specific features of a prototype of the ultrasonic vibration system, used 

in all experiments, and reviews the development ofUAT and achievements that have 

been made in this area. 

Chapter 5 specifies thermal and mechanical properties of the employed material 

(Inconel 718) and gives the details of the experimental work carried out, including 

microstructural studies of the workpiece and chip, high-speed filming, infrared 

thermography, and measurements of cutting forces. 

Chapter 6 introduces a mechanical FE model of contact interaction between the 

workpiece material and cutting tool for both CT and UAT. Various stages of the 

single cycle of ultrasonic vibration are described. A detailed comparison of CT and 

UA T is provided, based on the analysis of distribution of stresses, plastic strains and 

strain rates. 

Chapter 7 presents an enhanced, fully thermomechanically coupled model of the 

UA T. The description of the model, results of various numerical case studies and 

comparison with experiments are given. 

Chapter 8 summarizes the outcome of the research, presents conclusions drawn on 

the basis of the experimental results and numerical simulations, and recommends 

possible further work on the topic. 
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Chapter 2 Mechanics of cutting 

2.1 Parameters of turning 

This chapter introduces the nomenclature of the mechanics of cutting and its basic 

concepts. Experimental and analytical methods for studying various cutting 

parameters, such as forces and temperatures, are described. These serve as a basis to 

characterise the ultrasonically assisted cutting process using experimental and 

numerical techniques. 

In the conventional turning process the workpiece material is gripped in the chuck 

of a lathe (Figure 2.1) and rotated. The tool is held in a tool post and moved at a 

constant rate along the axis of the workpiece, cutting away a layer of material to 

form a cylindrical surface, as shown schematically in Figure 2.2. 

y Headstock (containing main spindle) 

Carriage 

Feed rod 

Chuck 

__ -,--- Tool 

Lead screw 

Figure 2.1 A centre lathe (reproduced from [3]) 

Bed 
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The cutting speed v is the rate at which the surface of the workpiece passes the 

cutting edge of the tool, usually expressed in m/min. The feed rate s is the distance 

moved by the tool in an axial direction at each revolution of the workpiece 

(expressed in mm/rev). The depth of cut d is the thickness of the material removed 

from the bar, measured in a radial direction. The cutting speed, feed rate and depth of 

cut are parameters that can be adjusted by the operator to achieve optimum cutting 

conditions. 

Held In 
chuck 

Depth of cut, d 

Workpiece 

Figure 2.2 Lathe turning (from [4]) 

The rotational speed n of the spindle (expressed in rev/min) is usually constant 

during a single operation, so that during cutting the cutting speed varies as the 

diameter D reduces with the workpiece material being gradually removed. 

The surface of the tool over which the chip flows in the cutting process is known 

as the rake face of the tool (Figure 2.3). The cutting edge is formed by the 

intersection of the rake face with the clearance face (or flank) of the tool. The tool is 

so designed and inclined at such an angle that the clearance face does not rub against 

the freshly cut metal surface. The clearance angle r is variable but it is often of the 

order of 6-1 0°. The rake face is inclined at an angle to the axis of the workpiece and 

this angle can be adjusted to achieve optimum cutting performance for particular tool 

/ workpiece materials and cutting conditions. The rake angle a is measured from a 

line parallel to the axis of rotation of the workpiece. The rake angle can take values 
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from about 30° to negative values of 5 or 6°. Although the cutting edge is 

considerably sharper for big positive values of er. it is easily worn, hence the tools 

with a zero or negative rake angle are often used to decrease wear, as they are more 

robust. The third face of the tool is called an end clearance face, and it is also 

inclined at such an angle as to avoid rubbing against the freshly cut surface of the 

workpiece. The intersection of all three faces is known as the nose of the tool, and a 

radius of curvature between the two clearance faces is called a nose radius Rn. The 

orientation of the cutting edge relatively to the axis of the workpiece is specified by a 

major cutting edge angle kr-

(a) rake face (b) 

D 

-- -:.-

d WORKPIECE 

v 

Figure 2.3 Parameters of turning (from [5]) 

2.2 Chip formation 

2.2.1 Orthogonal vs. non-orthogonal cntting 

In an orthogonal turning process, the cutting edge AD of the tool rake face AB CD 

is perpendicular to the direction of v (Figure 2.4a). The chip that is formed during 

cutting flows with some velocity Vch;p, which is perpendicular to the cutting edge. All 

relative motions in orthogonal turning occur in the plane nprmal to the cutting edge, 

and the problem becomes two-dimensional. It largely simplifies the formulation of 
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the problem and eliminates many variables present in the general case of cutting. The 

orthogonal formulation is therefore widely used in research studies, where it is 

desirable to reduce the complexity of the process, and is analysed by analytical 

methods and numerical calculations. 

Cr' -=;;::: __ ~B' 

G 

, I 
o· 

H -- - - -'-'- - ---'--.~---- ----
E A' 

WORKPIECE 

v v 

(a) (b) 

Figure 2.4 Orthogonal (a) and non-orthogonal (b) chip formation (from [5]) 

In the general case of cutting, which is known as non-orthogonal (or oblique) 

cutting, the cutting edge A *D* is perpendicular neither to v nor to Vch;p (Figure 2.4b). 

The angle between AD and A *D* is called the cutting edge inclination angle (As) 

(Figure 2.3c). Geometry of the non-orthogonal chip formation is more complicated 

than that of the orthogonal one, thus making mechanics of the process more difficult 

to analyse. The analysis of the problem in this case is essentially three-dimensional 

that complicates both experimental and theoretical studies of the processes in the 

cutting zone. The chip formation processes described in this research are largely 

considered for the case of orthogonal cutting conditions 

2.2.2 Chip formation 

A complete description of a chip formation in oblique cutting is a very difficult 

task, and, for the purposes of analysis of stresses and strains in cutting, many details 

are ignored and simplified models are usually assumed. An important simplification 

is to ignore the irregular cross-section of real chips, and to assume a rectangular 
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cross-section, which height is equal to the measured mean thickness of the chip, and 

width is equal to the cutting edge engagement length. The latter corresponds to the 

depth of cut d (Figure 2.2). With these assumptions, the formation of chips is 

considered in terms of the simplified diagram, Figure 2.5, presenting an idealised 

chip formation process in the plane normal to the cutting edge of a tool. 

Chip outer surface 

-_lt1 

_ ....Im"' .... <.J~n'- - ~t " " .,.oP,~~=--------,A 
• 

V 

Figure 2.5 Chip formation diagram (from [4]) 

Figure 2.5 illustrates how the chip of thickness 12 is being formed from an 

undeformed layer of thickness t, equal to the feed rate s (described in Section 2.1.) 

by the action of a tool with the rake angle a. Two new surfaces are formed in this 

process, the new surface of the workpiece OA and that of the chip OC. The main 

deformation region is situated in the zone around line OD going from the tool edge to 

the position where the chip leaves the workpiece surface and known as a primary 

shear zone. Hence, for the purpose of simple analysis, the chip is assumed to be 

formed by shear along the shear plane OD. Secondary shear zone is observed along 

the rake face of the tool, where a seizure often occurs at the interface between the 

chip and tool along a contact length Le (OB in Figure 2.5). A simplified flow model 

neglects additional deformation in the secondary shear zone, although the material 

there may still be at the plastic limit [5]. Instead, a sliding contact with Coulomb 

friction with the averaged friction coefficient Jl is presupposed along the contact 

length OB. The shear plane OD is inclined at the shear angle rp to the cutting 
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direction OA; the shear angle is an important parameter in chip fonnation mechanics 

and various models are employed in order to predict it (see below). 

It is also usually assumed that the workpiece material is incompressible and no 

side spread of the material occurs [4]. As any volume of material, e.g. klmn (Figure 

2.5) passes through the shear zone, it is plastically defonned into a new shape - pqrs. 

The defonned chip thickness t2 is related to the tool rake angle a and the shear plane 

angle tjJ. From the geometry of the cut (see Figure 2.5), it can be shown [4] that 

OD=_t,_= t2 or _t,_ 
sin tjJ cos( tjJ - a) , sin tjJ cos tjJ cos a + sin tjJ sin a 

Hence, 

t2 
cos(tp-a) 

. t, 
Sill tp 

and shear angle tp can be found from 

'" rcosa tanY' = , 
I-rsina 

(2.1) 

where the value of r, called the chip thickness ratio, is the ratio of the undefonned 

chip thickness to the defonned chip thickness r = t,/t2 , with r < I. 

The chip speed Vchip can be found from the cutting speed vas follows [4]: 

sin tjJ 
Vh" = V. 
"P cos(tjJ-a) 

(2.2) 

It should be pointed out that the tenninology of cutting can be considered from 

two different points of view: the tool movements and chip fonnation process. Feed 

rate and depth of cut refer to the former point of view. Uncut chip thickness and 

cutting edge engagement length directly correspond to feed rate and depth of cut, 

respectively, but from the point of view of the chip fonnation process, there is no 

difference between these parameters if the major cutting edge angle k, = 90° [5]. In 

the present work, chips are considered to be fonned at a feed rate (uncut chip 

thickness) s and depth of cut (cutting edge engagement length) d. 

It is worth noticing that fonnation of new surfaces requires certain energy, but in 

metal cutting the theoretical energy of free surface fonnation is an insignificant 

proportion ofthe plastic defonnation energy needed to shear the whole volume of the 

metal in the shear zone. However, although the surface free energy is negligible 

indeed, the specific work of fracture in the vicinity of the cutting tool tip is in most 
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cases at least three orders of magnitude higher than that, and thus should not be 

overlooked [6). 

2.2.3 Chip types 

The cross section of the chip is not strictly rectangular even in the case of 

orthogonal cutting. Since the material is constrained only by the rake face of the tool, 

it is free to move in all other directions as it is formed into the chip. The chip tends to 

spread sideways, so that the maximum width of it is somewhat greater than the 

original depth of cut d [4). 

The chip formation involves separation of the workpiece material in the vicinity 

of the cutting edge and its subsequent shearing in the primary shear zone near the 

shear plane (OD in Figure 2.5). Extensive amount of deformation takes place in this 

region at very high strain rates, and for some materials and under certain cutting 

conditions this leads to catastrophic shear and fracture that causes discontinuous 

chips to be produced. Such fragmented chips are one of the principal classes of a 

chip form. However, under the majority of cutting conditions, ductile materials do 

not fracture on the shear plane and a continuous chip is produced. There is no sharp 

boundary between continuous and discontinuous chips and various shades of 

gradation between the two types can be observed. Even in a continuous chip, 

periodic small corrugations, cracks or steps are often observed at the outer surface of 

the chip (Figure 2.5), breaking it into a series of segments [4). 

There is a variety of shapes for the continuous chips; they can be straight, tangled 

or, more often, have a helix shape. Helix chips were produced for majority of the 

cutting conditions described in the experimental part of this thesis. 

2.3 Forces and stresses in turning 

Forces acting on the cutting tool are important parameters in turning and have a 

primary influence upon the tool wear and required power [4). Research analysis of 

turning essentially includes a study of the cutting forces acting on the tool. 

There are three mutually orthogonal components of cutting forces. The 

component of the force acting on the rake face of the tool in the direction of the 

cutting velocity is called the main cutting force (FT) (Figure 2.6). This is usually the 
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largest of the three force components. The second component, acting along OX and 

parallel to the feed direction, is known as the feed force (Fr). The third component, 

referred to as the thrust force ( F,,), tends to push the tool away from the workpiece in 

a radial direction. This is the smallest of the force components and is usually 

neglected. The absolute values of forces in metal cutting are comparatively low 

compared to those in forging or forming processes and usually are not greater than 

several tens or hundreds of kilograms. However, stresses acting in the cutting tool are 

quite large due to the small contact area between the tool and workpiece [4]. 

Methods for measuring the forces acting on the cutting tool are reviewed in 

Section 2.6.2. 

F 'Main cutting force 
T 

Figure 2.6 Forces acting on the cutting tool (from [5]) 

In the classic Merchant model [7], shear processes are limited to the shear plane 

and the chip moves along the tool face with sliding friction, defined by the average 

friction coefficient p. This model cannot predict the influence of process parameters, 

such as the cutting speed, on the material behaviour. Another drawback of this 

scheme is an oversimplified friction model, not accounting for the influence of the 

contact area between the tool and chip on the cutting process [4]. However, 



Chapter 2. Mechanics of cutting 17 

Merchant's force circle allows to establish approximate interrelation between various 

components of forces in the orthogonal turning model. 

In the Merchant's force circle (Figure 2.7) (as described in [4]), R is the resultant 

force in cutting and it can be decomposed into components acting along different 

axes. Firstly, it can be obtained as a combination of the main cutting force FT and 

feed force Fr. Secondly, it is can be projected onto the rake face and normal to the 

rake face directions, becoming a combination of friction force F and normal force N 

on the rake face. Since friction coefficient jJ = F / N = tan A, the resultant force R is 

inclined at the friction angle A to the direction normal to the rake face. Finally, R 

can be given as a combination of forces Pg and FN acting along the shear plane and 

normal to it, respectively. 

/ 

Figure 2.7 Merchant's force circle (from [4]) 

The stresses acting in the shear plane are equal to the shear strength ks of the 

workpiece material in that area, thus Fs = ksAs = ~sdtl , where As is the area of the 
Slll\Z' 

shear plane and d is its width (depth of cut). Hence, the resultant force R can be 

found as 

R= Pg 
COs(\Z'+A-a) sin\Z'cos(\Z'+A-a) . 

(2.3) 

This allows to find the main and feed cutting forces: 
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( ) 
ksdt,cos(A-a) 

FT =Rcos A-a = , 
sin 9'cos( 9' + A -a) 

(2.4) 

ksdt, sin (A -a) 
F; =Rcos(A-a)= . 

sin9'cos( 9' + A -a) 
(2.5) 

Selecting shear angle 9', which minimises the expenditure of work in cutting, 

gives: 

dFT kst,dcos(A-a)cos(29'+A-a) 
d9' sin2 9'COS2 (9'+A-a) 0, 

Merchant's equation: 9'= 1l -~(A-a). 
4 2 

which leads to the famous 

(2.6) 

Substituting this expression for 9' into (2.4) and (2.5) al10ws cutting forces to be 

rewritten: 

(2.7) 

(2.8) 

From the force diagram (Figure 2.7), the forces acting in the shear plane can be 

expressed as: 

(2.9) 

Hence, shear stress ks and normal stress 0" can be given as 

Ps (FT cos9'- F; sin 9' )sin9' (FT sin 9' + F; cos 9' )sin9' 
ks =-= ,0"= . (2.10) 

As dt, dt, 

Final1y, the coefficient of friction at the tool-chip interface can be written as: 

F FTsina+F;cosa 
p=-= 

N FTcosa-F;sina 
(2.11) 

It is worth noticing that the friction model used for this derivation, implies that 

friction force F and normal force N are uniformly distributed along the sliding 

interface and that F is proportional to N. This is an oversimplified approach, which 

cannot adequately describe seizure conditions at the interface and also leads to 

unrealistical1y high friction forces for extremely high contact pressures occurring in 
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cutting. A shear friction model allows to limit the friction force at the tool-chip 

interface and will be described below. 

The forces related to deformations in the shear plane and the chip movement 

along the rake face are the only forces to be considered in cutting if the cutting tool is 

sharp. An additional force may appear due to pressure of the workpiece material 

against a small contact area on the clearance face of the tool underneath the cutting 

edge; it can, however, be neglected if the tool is sharp and the contact area on the 

clearance face is small. 

The forces in turning increase proportional1y with an increase in the feed rate and 

depth of cut, which are parameters, set by the operator. Nevertheless, the shear angle 

rp is not in the direct control of the operator and varies considerably for different 

cutting conditions. The shear angle influences greatly the cutting forces: for the same 

material shearing force Fs can be more than five times higher for small values of rp 

(rp = 5°) than for rp = 45°. 

Last but not least, the Merchant's formula for the shear angle al10ws its 

straightforward estimation, in contrast to other predictions, which require the use of 

parameters hardly definable for the case of VAT. For example, according to the 

Oxley's shear zone analysis [8] (described in [4]), based on selecting the shear angle 

r/J so that resultant forces in the shear plane and the tool-chip interface are in 

equilibrium: 

tanB=I+2(~:r-rp )-cn, (2.12) 

where B = rp + A - a, and C and n are constants. Parameter C is defined from the 

empirical strain-rate relation f p = CVp / b, where f p and Vp are the maximum shear 

strain rate and shear velocity in the shear plane, respectively, and b is the length of 

the shear plane. However, estimations of C for VAT are cumbersome, since the 

strain rate at the shear plane changes considerably within a cycle of ultrasonic 

vibration. 

In another model proposed by Rowe and Spick [9], the shear angle is chosen so as 

to minimise the total energy expended in the system, i.e. the energy both in the shear 

plane and at the rake face. According to this model: 

psin2 rp = .!.cosacos(2tp-a), 
X 

(2.\3) 
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where f3 is the constant between zero and unity, defined by the proportion of 

sliding/seizure on the tool-chip interface, and X = Le/OP with OP being equal to 

the projected contact length (Figure 2.8). The parameter X could not be used in our 

studies of the UAT process since the contact length changes from zero to Le at every 

cycle of ultrasonic vibration. 

Chip 

D 

Tool 

ultrasonic 
vibration 

t1 ~r::;-
~ ............... - . .J.. f====~-

o 

culling speed, Vc Workpiece 

Figure 2.8 Projected contact length (OP) 

2.4 Contact conditions at the tool-chip interface 

During the chip formation by shearing, the chip separated from the workpiece 

material slides along the rake face of the tool. Under real-life cutting conditions, the 

bonding between the tool and workpiece often occurs within the significant part of 

the contact length Le (OB in Figure 2.5). In the area of such seized contact, tool and 

workpiece materials effectively become one piece of metal; the bonded area can 

occupy up to 80% of the contact length [4]. Alternatively, formation of the so-called 

built-up edge (BUE) takes place, when material cyclically builds up and breaks away 

from the cutting edge, hence the chip flows over the modified shape of the cutting 

tool defined by the built-up edge. The seizure I BUE occurs over a large part of the 

chip-tool interface, and only insignificant part of the interface is in the condition of 

sliding friction between the chip and tool rake face. This leads to stresses acting in 

the biggest part of the interface between the tool and chip being close to the shear 

yield strength of the workpiece material. Such contact conditions seriously 
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complicate the contact problem at the interface, and, in order to simplify the analysis 

of forces and heat transfer, the idealised case is usually considered, with the sliding 

contact conditions being assumed along the whole tool--chip interface, as it was 

described in Section 2.2.2. 

The chip thickness and radius of curvature are strongly affected by the lubrication 

introduced in the cutting region; this was already established in the XIX century [10]. 

Adding lubricants causes the chip to become thinner and more curled, as observed in 

the experimental part of this research. Influence of lubricants also depends on the 

cutting speed, feed rate and rake angle. 

The question how the lubricant can penetrate the contact area between the chip 

and tool at the rake face lies in the field of contact mechanics. It is generally agreed 

[5] that no lubricant can penetrate the contact area where normal stresses between 

chip and tool at the interface are high. However, lubricants can infiltrate along the 

non-contact channels due to the surface roughness of the rake face. The length of 

these channels generally varies from half to one chip thickness. When the lubricant 

reacts with the chip in the region of these channels, the resistance to chip flow is 

reduced, and that increases the shear plane angle. Consequently, the chip becomes 

thinner and unpeels from the tool surface. Hence, the lubricant does not have to 

penetrate the whole contact distance at the rake face to reduce the contact area, its 

influence at the edge of the contact length (next to point B in Figure 2.5) is enough. 

The nature of lubrication processes in VAT has not been studied yet. Nevertheless, 

the intermittent contact nature at the rake face of the tool in this case should allow 

gaseous or liquid lubricants to penetrate deep inside the contact area down to the 

very cutting edge. It is believed that this should further increase the shear angle, and 

decrease the chip thickness. The attempt to study the influence of the lubrication on 

the VAT in comparison to CT is described in the experimental part of this thesis (see 

Section 5.4.2). 

In the friction model described in the previous section, it was assumed that the 

friction stress is proportional to the normal stress on the rake face with a friction 

coefficient p = tan A. This assumption leads to deductions of peak normal stresses at 

the interface of up to three times k (k being shear yield strength), and of peak 

mction stresses for such a friction law of up to two k. This, of course, is not 

physically realistic, as a metal is not able to transmit a shear stress greater than its 
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shear yield strength [5). Hence, more advanced friction models are required for a 

trustworthy description of the friction on the tool's rake face. 

Experimental studies of the friction force at the rake face indicate a nearly 

proportional dependence for low normal stresses (with Ji as a coefficient of 

proportionality), changing into a plateau with friction stresses r = mk , where m ~ I , 

for normal stresses CTN greater than k [5]. The friction stress along contact length Le 

also increases towards the cutting edge, but it is still limited by a value of k. 

Alternative friction models, which are in agreement with these experimental 

observations, were first disseminated by Shaw [11]. In these models, the friction 

force depends on the fraction of the material's shear yield strength rather than the 

normal force as in the Coulomb friction model. 

The simplest of such friction models neglects the friction stress variation with CTN 

for its low values, and defines the friction stress as r = mk. Such an approach is 

adopted in slip line field modelling. A more advanced model specifies a linear 

dependence for lower CT N and limits the friction stress for its higher values [5]: 

if JiCTN < mk, 

if JiCTN ~ mk. 
(2.14) 

A similar friction model introduced In [12] describes the friction law via an 

exponential function: 

(2.15) 

In the enhanced variant of this approach, the friction stress depends also on 

relative sliding velocity v, between the chip and the tool at their interface. If this 

velocity is lower than critical sliding velocity vc' sticking of the chip to the rake face 

is simulated: 

2 v 
r = -mk-sgn(v,)arctan(...L). (2.16) 

J[ Vc 

This model is known as shear friction model in commercial FE codes [13] and, it 

is utilised in FE simulations ofUAT and eT described in Chapters 6 and 7. 

The area of the contact region at the tool-chip interface in orthogonal cutting is 

defined by the width of this region, usually equal to depth of cut d and contact length 

Le (Figure 2.5). The value of Le is always greater than uncut chip thickness I,; it is 
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uneven along the chip width and the mean value of Le is therefore considered. An 

estimation of Le was given by Zorev [14] from the moment equilibrium about 0 

(Figure 2.7): 

Le = m 12 (JI + tan(V'-a)), 
n 

where m = 1.25 +4.5 for different materials and cutting conditions. 
n 

2.5 Cutting tools 

(2.17) 

There is a variety of modern tool materials used in present-day manufacturing. 

The main classes are high-speed steel tools, carbides and cermets, and superhard 

materials, such as polycrystalline diamond (PCD) and cubic boron nitride (CBN). 

The tools come in different sizes and shapes. For the case of UAT, design of the 

ultrasonic transducer necessitates the use of insert tools, i.e. relatively small cutting 

edges fixed to the end of the tool holder. Here, carbides are the natural choice, since 

they are often used for cutting inserts. These inserts are usually made of tungsten 

carbide (WC) or a mixture of WC with titanium and tantalum carbides (TiC/TaC). 

Tungsten carbide inserts are recommended for cutting heat-resistant alloys, such as 

Inconel 718, and used in all experiments in the present work. Hence, the description 

of cutting edges is limited to this class of tools. 

High temperature can cause a tool to degrade. Firstly, tool can be oxidized by the 

reaction with the atmosphere (for temperatures greater than 500°C). The chance of 

oxidization is higher in UA T due to the interrupted contact of the tool with a 

workpiece; this, however, is not often critical for failure. Secondly, the tool's 

microstructure changes for temperatures above 900-950°C, when WC starts to 

dissolve in the cobalt binder that leads to a sudden loss of strength. The temperatures 

observed in the infrared thermography experiments (see Chapter 5) do not exceed 

750°C, hence structural changes in the tool material can be neglected in our study. 

For tungsten carbide tools, their thermal conductivity K is several times higher 

than conductivity of the workpiece material (Kwe '" 60 Wlm K compared to 

K'n,o",'718 '" 12 W Im K), and thus provides an effective heat withdrawal from the 

cutting region. 
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The Young's modulus of tungsten carbide is about 650 GPa compared to 200 GPa 

for Inconel 718. This significant difference allows the cutting tip to be considered 

rigid in FE simulations (see Chapters 6 and 7). 

Cutting tools are often coated to improve their wear resistance by increasing their 

hardness and toughness. Uncoated tools are, however, used in all the experiments in 

order to simplify the comparison with the results of the numerical simulations. 

2.6 Experimental methods . 

2.6.1 Techniques for chip formation study 

As orthogonal cutting conditions are usually assumed in analytical and numerical 

models of cutting, experimental studies of chip formation in laboratory conditions 

should ideally be performed with orthogonal cutting. On a lathe, these cutting 

conditions are implemented with a workpiece in a form of a tube, whose wall 

thicklless is the depth of cut. However, in many cases the workpiece material is not 

available in a tube form, and semi-orthogonal cutting conditions are used in this case, 

where a solid bar is cut with a constant depth of cut. In order to avoid considerable 

deviations from orthogonal conditions, the major part of the cutting edge should be 

straight. Fully orthogonal conditions can be achieved on a planning machine, with a 

workpiece in a form of a plate. For most experimental conditions, and UA T in 

particular, the lathe method is considerably more convenient. The current design of 

the ultrasonic system imposes several limitations on the cutting conditions, and semi

orthogonal cutting conditions are therefore used in all tests. 

The chip formation is a high-speed process and its real-time observation requires 

special equipment, such as high-speed cameras (see Chapter 5). The tool-chip 

interface is not visible due to opaqueness of work piece and tool materials. This could 

be overcome with the use of transparent sapphire tools during cutting and observing 

the interface through the tool, however, it cannot be assumed that the contact 

conditions at the interface in this case would be the same as for carbide or metallic 

tool materials [4]. 

A study of the end of the cutting path, after cutting was stopped in a normal way, 

by disengaging the feed, cannot produce any useful information about the chip 

formation process. Nevertheless, important information can be retained after a 



Chapter 2. Mechanics of cutting 25 

sudden stop of the cutting action, which allows to freeze the cutting process (one of 

such quick-stop devices is described below). The quick-stop technique should, 

however, be speciaIly adjusted for cutting with superimposed ultrasonic vibration, as 

the design of the ultrasonic transducer requires special arrangements for quick tool

chip disengagement. 

For the external examination of the chip microstructure, the scanning electron 

microscope (SEM) technique is highly valuable due to its great depth of field. Both 

light microscopy and SEM are used to study the microstructure of the chip cross

sections after cutting with CT and VAT (see Chapter 5). 

Chip thickness measurements 

The mean chip thickness can be obtained by measuring the length I and weight W 

of a piece of the chip. The mean thickness 12 (Figure 2.5) can be then found as 

W 
t2 =--, 

pwl 
(2.18) 

where p is the density of the workpiece material and w is the width of the chip 

(which corresponds to depth of cut d). In practice, the chip is never thinner than the 

undeformed chip thickness t] (Figure 2.5) [4]. 

The quick-stop technique 

HS video cameras have been successfully used to study dynamics of the chip 

separation processes. It is, however, difficult, to resolve much detail because of the 

small scale of the cutting region and limitations on the speed of filming. Sometimes 

microscopic details of the cutting process are more important than such dynamic 

information, and a "frozen picture" of geometry of the interaction between the tool, 

chip and workpiece is required for a subsequent microscopic investigation. The 

quick-stop technique is one of the most popular methods for achieving this goal. In 

this technique, the cutting process is stopped quickly by moving the tool apart from 

the workpiece at a speed much greater than the cutting speed. Depending on the 

seizure conditions on the rake face and strength of the chip and tool, the chip can 

either stay attached to the workpiece or to the cutting tool. In the former case, a 

fragment of a cutting edge can be left attached to the chip, especially if a crack or 



Chapter 2. Mechanics of cutting 26 

notch was intentionally introduced in the tool for this purpose in order to preserve the 

tool-chip interface. 

A schematic view of a quick-stop device is illustrated in Figure 2.9 and its 

description is adapted from [5]. In this device, the tool is supported at a pivot point 

and by a shear pin; mass M strikes the tool holder with a speed V M. If the impact 

force is much greater than needed to break the shear pin, the mass will then cause the 

tool holder to swing quickly away from the chip. The tool holder's velocity VT does 

not instantaneously reach the cutting velocity V that is necessary for cutting to stop, 

because of its inertia. However, to minimise the retraction time, M and VM should be 

made large and inertia of the holder should be small. In practice, to increase V M, 

mass M is frequently fired from a gun. 

Impact mass 

I I 

v 

I 
iv' Chip /M 

Pivot point 
I 

\ I 
I 

Work 

Tool 

Shear pin 

Figure 2.9 A quick-stop device (from [5]) 

2.6.2 Measurement of forces acting on the cutting tool 

Many experimental studies of the metal turning process are done before or after 

cutting. The number of quantitative observations, which can be done during cutting, 

is rather limited, with one of the most important measurements of this type being 

analysis of cutting forces. 
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There are two main ways of force measurements in metal cutting: direct and 

indirect. In direct methods, electrical signals proportional to the cutting forces, 

deflections or strains are measured in elements supporting the cutting tool. These 

methods provide accurate measurements of forces both in magnitude and direction. 

In indirect measurements, the forces are deduced from the power used by the lathe 

motor, which increases with the cutting force [5]. The description in this section is 

limited to the direct methods, as they are more accurate than the indirect methods. 

The force-measurement devices are usually called lathe or tool dynamometers, 

and there is a number of requirements that a good lathe dynamometer must satisfy: 

for high sensitivity, rigidity and accuracy [11]. The dynamometer should be sensitive 

and accurate so that the measurement error does not exceed 1 %. Although some 

deformation is needed for the operation of the dynamometer, it is should be stiff 

enough not to affect the rigidity of the tool- workpiece system (and thus deflection 

measuring device should be capable of measuring small deflections of about 1 Ilm). 

Additionally, the natural frequency of the instrument should be at least four times 

higher than the frequency of the parasitic vibration, such as chatter, frequently found 

in cutting, in order to minimize the tendency for such vibrations to occur. This will 

ensure that the recorded force will not be influenced by the vibrating motion of the 

dynamometer [11]. (It is, however different in case of VAT, as extremely high 

frequency of the ultrasonic vibration is more than an order of magnitude higher than 

the natural frequency of the dynamometer and tool - workpiece system, thus it 

provides the system with high dynamic rigidity.) 

A dynamometer should measure at least two components of the cutting forces, or, 

preferably, all three components. The forces are usually measured relative to a set of 

rectangular coordinates, and there should be no cross-sensitivity between 

components, i.e. no influence of the load applied along one axis on the reading in 

other directions. A dynamometer should be stable with respect to time, temperature 

and humidity, in other words, it should have a low drift, so that the calibration is 

required only occasionally [11]. 

The most common type of the dynamometer uses strain gauges to measure elastic 

strains caused by the cutting forces [5]. However, a new generation of tool 

dynamometers is based on the piezoelectric effect. The description here will be 

limited to this type as they are used in the majority of the modern force measurement 

experiments. 
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For piezoelectric materials, such as barium titanate or quartz crystals, deformation 

of the crystal under the applied mechanical force causes generation of an electrical 

charge proportional to the force, - this is called the piezoelectric effect [5]. This 

principle is used for creation of a three-axis force dynamometer. Typically, quartz is 

used as a piezoelectric material, due to its good dynamic properties. There are several 

piles of quartz crystals inside a dynamometer (Figure 2.10), each being oriented in its 

piezoelectric sensitive 'direction so as to detect one of the respective force 

components. A produced charge is very small and a charge amplifier is therefore 

needed to increase the output signal. The natural frequency of such a dynamometer is 

close to that of quartz crystals and is usually between 2 and 5 kHz [5]. 

Piled up quartz sensors 
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Figure 2.10 A piezoelectric tool dynamometer (from [5)) 

2.6.3 Temperature measurement 

Introduction 

During turning, the work of plastic deformation and friction are the main heat 

sources in the process zone, and can significantly increase temperature in the cutting 

region. This temperature increase can noticeably affect various mechanical and 

thermal properties of the workpiece material, leading to material softening (i.e. 

reduction in the yield stress) and influencing other material properties, such as the 

coefficient of thermal expansion, specific heat and thermal conductivity. The change 

of these material parameters, in its turn, influences plastic deformation processes and 

evolution of stresses in the workpiece [15]. Excessive temperatures can also lead to 
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premature wear of cutting edges. Hence, temperature in the cutting zone is one of the 

most important factors in metal turning and significantly affects the cutting process. 

Analytical and experimental studies of temperature distributions in the workpiece, 

chip and cutting tool are therefore of high interest, and there is a variety of methods 

to research temperature, some of which are described below. 

There can be several goals for temperature measurements in machining. The first 

goal is to measure the average temperature at the tool-chip interface. This can be 

implemented with standard thermocouple methods described below. Another, more 

ambitious goal is to measure temperature distributions in the cutting region. This is 

complicated by very high temperature gradients in the cutting region, small volumes 

with high temperatures and dynamically moving parts [5]. Still, there is a number of 

ways to measure temperature distributions, such as inserted thermocouples, thermal 

paints and infrared radiation detection methods. An overview of these various 

methods is given in this section. 

According to the classification given in [16], temperature measurement techniques 

can be divided into four main groups: (i) measuring radiation emitted from the 

surface of the body, (ii) using probes such as thermocouples and resistance 

thermometers, (iii) applying heat-sensitive paints and films and (iv) adding particles 

with known melting points in order to measure "hot spot" temperature. Each of these 

methods has its own advantages and disadvantages (see Table 2.1) [16]. 

Technique (iii) and (iv) are not widely used for measuring temperatures in turning 

and therefore will not be discussed in the present work. The thermocouples and 

infrared (lR) radiation methods are described in some detail in the following 

subsections. 

Tool-work thermocouple 

Application of tool-work thermocouples is probably the most extensively used 

method of temperature measurement in the cutting tool. 

In the elementary thermocouple two different materials are connected at two 

junctions (which are called hot and cold junctions) with different temperatures. The 

electro-motive force (EM F), which is generated in this circuit, depends on the 

materials used and the difference in the temperatures. Calibrating the generated 
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EMF, the difference in the temperature between hot and cold junctions can be 

calculated. 

Table 2.1 Advantages and disadvantages of temperature measurement methods 

([16]) 

Advantages Disadvantages 

Infrared radiation measurements 

• non-invasiveness (do • comparatively slow response time (recently 

not affect temperature reduced to microseconds) 

distribution being • temperature measurement only at the surface of a 

measured) radiating body 

• ability to measure over • difficulties in calibrating the surface emissivity of 

significant areas ofthe the object (usually a function of temperature, angle of 

surface of the body observation, surface finish and some other parameters) 

Thermocouples 

• easy calibration over a • invasive nature (when inserted into the body may 

wide range of affect temperature distribution being measured) 

temperatures • measurement only in a single point 

• ability to measure • requirements of a good thermal contact with the 

temperature inside the surrounding material (even then a finite time IS 

body required for heat to diffuse into the thermocouple 

• easy damage 

• laboriousness of embedding the thermocouple into 

the cutting insert (which usually become worn very 

fast, especially in turning such intractable materials as 

InconeI 718) 

Thermal paints/films 

• ability to measure over • invasiveness 

the big surface area of the • easy damage 

object • limited accuracy 

• registration with usual • limited ability to follow temperature histories 

photography techniques 
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In a tool - workpiece thennocouple, workpiece and tool materials are used as its 

two elements (Figure 2.11) [5). The hot junction is the tool - workpiece interface, 

while electrical connections to the cold part of the cutting tool and to the workpiece 

fonn the cold junction. In the latter case, because the workpiece is rotating, a special 

slip ring system with a liquid mercury contact is utilised to make an electrical 

connection. Such a contact is used in order to prevent an error resulting from a 

parasitic EMF, arising in case of the dry rubbing contact between the workpiece and 

connecting wire. The amplified EMF generated between the tool and workpiece 

during cutting is measured using a millivoltmeter. The possible error due to the 

heating of the cutting tool at the cold junction is sometimes compensated with an 

additional standard thermocouple and a sliding potentiometer system. 

Mercury 
slip ring 

\ Electrically Steel 

Insulated cutting 
tool with carbide 
insert 

Figure 2.11 Tool-workpiece thennocouple circuit (from [3]) 

The average value of temperature along the tool-chip interface is measured with 

this method. While this technique is good to give a basic understanding of the 

temperature level in the cutting region depending on cutting conditions, it does not 

provide one with the temperature distribution along the tool rake face. 



Chapter 2. Mechanics of cutting 32 

Inserted thermocouples 

To measure the temperature distribution in the tool is more desirable than 

measuring only the mean temperature along the tool-chip interface. In an attempt to 

obtain more precise information on the temperature distribution in the tool, a small 

hole is bored in the tool and a fine thermocouple (or even a special single wire) is 

inserted into the hole (Figure 2.12) [4]. This allows temperature at the bottom of the 

hole to be measured. In order to map the temperature gradients, such a procedure 

should be repeated many times with holes drilled in different places of the tool. 

There are two main problems arising from this method. The first is that this method 

is invasive, i.e. the hole with inserted thermocouple affects temperature distribution 

in the tool. The second source of error is that if the hole is not small enough, the 

thermocouple reading overlaps a considerable temperature range due to very steep 

gradients near the edge. Additionally, drilling holes of small diameter in the cutting 

tool is a tedious job, in particular for the insert tips, made of very hard materials such 

as tungsten carbide. Besides, such inserts are worn fast in turning of intractable metal 

alloys. To sum up, this method is also not ideal for taking precise measurements of 

the temperature distribution in the tool and along its rake face. It is quite laborious 

and still does not provide a satisfactory temperature distribution picture. 

Work piece 

Figure 2.12 Inserted thermocouple (from [5]) 
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JR radiation methods 

The techniques described above do not allow straightforward measurements of the 

temperature distribution in the cutting region. The tool-work thermocouple only 

determines average temperatures at the tool - workpiece interface, while inserted 

thermocouples require special changes in cutting tools. Thermal imaging techniques, 

measuring the infrared radiation from a surface, are non-invasive and have an 

advantage of measuring temperature distributions over significant surface areas. 

There are two main methods to measure infrared radiation from the surface. One 

is surface photography with the use of special films sensitive to infrared radiation. 

The intensity of obtained images allows plotting temperature gradients. Another, 

more modern and promising way is the use of thermal imaging video cameras. Such 

cameras include an IR detector that absorbs infrared energy within a certain spectral 

range and converts it into an electrical signal. Since the received radiation has a non

linear relationship to the measured temperature and can be affected by reflected 

radiation from surrounding objects (namely workpiece and chip) and other factors, 

calibration and correction procedures should be applied. The main drawback with 

most thermal detectors is the comparatively slow response time to radiation 

variations. However, modem thermal cameras allow temperature field measurements 

at a rate up to about 1000 Hz. Another disadvantage of radiation methods is that 

information can be only obtained about the temperature at exposed surfaces of the 

cutting tool. This can be overcome to a certain degree using a very laborious 

technique based on making holes in the cutting tool and measuring temperature in the 

created "windows" with an assistance of optical fibres inserted into the holes, thus 

allowing temperature measurements along the rake face of the tool [17]. 

Summary of temperature-measurement methods 

Among the reviewed methods tool-work thermocouples and IR imaging methods are 

the most widely used for measuring temperature in metal cutting. The disadvantages 

of thermocouples are their invasiveness, and difficulty of inserting them into the 

cutting tools. Additionally, according to Markov [18], thermocouples cannot be used 

for temperature monitoring in VAT, as there is no constant electrical contact between 

the tool and workpiece material due to superimposed ultrasonic vibration, thus use of 

thermocouples can lead to erroneous results of temperature measurements in VAT. 
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The use of IR radiation methods is therefore a natural choice for VAT also due to 

their non-invasiveness. Hence, infrared thermography experiments are used to 

compare temperatures in CT and VAT as described in Section 5.5. 
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Chapter 3 Application ofFEM to 

simulations of turning 

3.1 Introduction 

The cutting process during machining is one of material separation at or near the 

cutting edge tip, therefore consideration of the problem within the framework of 

material science and interconnection of its dynamic and rnicromechanical aspects are 

of significant interest. However, analytical modelling of material separation under 

the vibro-impact action of a cutter is possible only for partial problems, because of 

the high level of complexity of the process. It involves three-dimensional geometry, 

such as a real shape of the cutter and non-orthogonal chip formation with the chip's 

flow direction being not normal to the cutting edge. Other complications are 

thermomechanical coupling and strain-rate sensitivity, that is the influence of the 

process temperature and deformation rates on material properties. Additionally, 

contact interaction and friction at the tool-chip interface, the influence of the 

material's microstructure and impact loading (because of the vibrational movement 

of the cutter) are also important features of the process. The interplay of all these 

factors determines mechanics of UAT. Hence, numerical modelling of the chip 

separation and simulations ofthe tool-chip interaction are probably the only way to 

analyse UAT processes. Finite element analysis (FEA) is a powerful numerical tool 

that enables stress and temperature distributions in the tool-chip interaction zone to 

be obtained and the chip shape during the cutting process to be predicted. 

Although there are numerous works utilising the finite element method (FEM) for 

the analysis of metal cutting, no publication employing this method to study UA T 

has been found. However, it seems that a substantial number of features inherent in 

finite element (FE) modelling of CT may be used to development the FE model for 

UA T. This chapter therefore reviews different aspects of FEA application to CT 

processes. 
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3.2 Overview of finite element method 

The algorithm of the FEM consists of the following main stages that are described 

below [4]. A continuous solution region of the boundary-value problem is first 

discretized into elements by imaginary lines (in two dimensions) or surfaces (in three 

dimensions). The elements are interconnected at a discrete number of points, which 

are called the nodes or nodal points. Then the unknown field variable (such as 

temperature or stress) is expressed in terms of assumed approximating functions 

within each element. These approximating function are called interpolation functions 

and defined in terms of the values of the field variable at the nodal points. Typically, 

polynomials are chosen as interpolation functions due to the ease of their 

differentiating and integrating. The nodal values of the field variable and the 

interpolation functions for the elements completely define the behaviour of the field 

variable within the elements. Together with boundary and initial conditions and 

constitutive properties of the material, they allow formulation of a discrete-matrix 

analogue of the boundary-value problem. The nodal values of the field variable 

become the unknowns in this discrete formation. Once these unknowns are found, 

the interpolation functions define the field variable throughout the assembly of 

elements. The choice of the element size and shape and the type of the interpolation 

function can vary depending on the problem and strongly influence the degree of 

approximation of the exact solution for the continuous problem. The process is 

normally based on minimization of the total potential energy of the system, and if the 

problem is suitably defined, the convergence to the correct result must occur [19]. 

The choice of FEM for modelling of cutting involves two- or three-dimensional 

analysis; Eulerian or updated Lagrangian formulation; different material models, 

such as rigid-plastic or elasto-plastic; structured or adaptive meshes; chip separation 

criteria; friction and contact conditions at the tool - chip interface and coupled 

thermomechanical models [5]. The development of FE models for metal cutting and 

use of particular analysis tools is overviewed in the following sections. 

3.3 Development of FE models for turning 

Finite element analysis is the main computational tool in the modelling of cutting 

processes; it has been used to study turning for more than 30 years. A detailed 
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overview of the development of FE models for turning operations can be found in the 

monographs [4, 5]. This review follows the exhaustive description of the 

development of FE models for simulations of cutting until 2000 given in both 

sources [4, 5] alongside with a review of the most recent papers. 

Lagrangian formulation 

In FE models of transient processes, there is a choice, in dividing the region of a 

problem into elements, either to fix the elements to the workpiece or to fix the 

elements in space. In the former case (the Lagrangian approach), the elements move 

with the material. In the latter case (the Eulerian approach) the material flows 

through the immovable elements. Figure 3.1 illustrates these options. In the Eulerian 

case, attention is drawn to variations in the field variable (in this particular case T) 

from element to element (for example, elements I and 2) at the same time. In the 

Lagrangian case, attention is focused on changes in the variable at a particular 

element with time. Each approach has its advantages and disadvantages [5], 

however, the updated Lagrangian formulation has been used in the majority of 

publications since mid-I980s (see retrospective review below). 

CD rtL_-J 
L Eulerian 

x 
Lagrangian 

Figure 3.1 Eulerian and Lagrangian formulation (from [5]) 

In the updated Lagrangian formulation, because elements move with the 

workpiece, they experience both rigid body motions and large plastic deformations in 

the direct vicinity of the cutting edge. Under such circumstances, larger 
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deformations, and changing material properties due to stress and strain III the 

material, need to be considered [4]. 

An advantage of the updated Lagrangian formulation is that the cutting can be 

simulated from the first contact between the tool and workpiece to steady-state 

cutting conditions. The disadvantage, however, is that large computational times or 

high computing power are usually required to reach the steady state [4]. In the 

Lagrangian formulation, material failure and chip-separation mechanisms have to be 

provided to allow the chip to separate from the workpiece. Various criteria are 

introduced into modelling schemes in order to describe a condition for the material 

failure and chip separation from the workpiece [4]. These criteria are based on 

thresholds for the effective plastic strain [20-23], strain energy density [24, 25], 

fracture strain (Johnson-Cook model [26]) [27-29], and the critical distance from the 

cutting edge [30-34]. Several algorithms have been employed to implement the chip 

formation mechanism when the failure condition is satisfied. In some cases, nodes 

are separated along a predefined line, so that the line is "unzipped" when the tool tip 

is sufficiently close, or when another criterion is satisfied [21, 35]. However, such 

"unzipping" approach, separating nodes along the line (Figure 3.2), makes 

Direction of cut .. 
Workpiece 

Tool -

Figure 3.2 Node separation along the predefined line (from [5]) 
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assumptions about both the location and level of the failure stress. Other approaches 

include element deletion [27-29] and adaptive remeshing [33, 36, 37]. These 

approaches, by contrast, allow for an arbitrary surface of separation, thus they seem 

to be preferable, since they more accurately model the cutting process [4]. It is worth 

mentioning that criteria of chip separation are not needed in Eulerian analyses. 

A problem in a Lagrangian formulation is the computational instability due to the 

large distortion of some elements. The element shape can change significantly during 

the chip separation process: an element rotates as well as distorts, as it becomes a 

part of the chip. This problem may cause a degradation of the accuracy and even 

premature termination of the analysis. It is therefore proved useful to remesh 

periodically a region with distorted elements, simplifying their shapes, - this process 

is called rezoning. The rezoning involves state variable mapping algorithms, which 

interpolates the old solution onto the new mesh [38]. Adaptive remeshing (rezoning) 

techniques are not needed for the Eulerian scheme, because the element shapes do 

not change with time [4]. 

The diversity of mechanically treated materials as well as various magnitudes of 

technological parameters (cutting speeds, depths of cut, rake angles, etc.), resulting 

in the considerable variation of cutting forces and induced strains, led to the 

introduction of different models of material behaviour: e1asto-plastic [24, 27, 39] 

(including the multiplicative decomposition of elastic and plastic strains [40]), rigid

plastic [41] and e1asto-visco-plastic [38]. 

Eulerian formulation 

In the Eulerian formulation, the workpiece material is assumed to flow through a 

meshed volume - the cutting zone. This Eulerian viewpoint focuses attention on a 

particular point in space and then examines the phenomena occurring there. The 

cutting process is treated as a large deformation process involving a visco-plastic 

material. It is assumed that elastic effects are negligible. 

The advantage of the Eulerian view is that the shapes of elements do not change 

with time. However, in cutting modelling, with determination of the chip shape being 

a part of the problem to be solved, it is not clear where elements should be drawn. 

Experimental work must be carried out in order to ascertain chip geometry and the 

shear angle. Furthermore, only continuous chip formation can be modelled [5]. 
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A more general problem of the Eulerian formulation is description of the changes 

in material's property, such as strain hardening, from element to element. This is not 

a problem for the Lagrangian scheme, where the state of a material is defined in an 

element [5]. 

Review of the development of FE models for metal cutting 

The finite element method has been used to model turning operations since the 

early seventies. The first finite element chip formations studies (Zienkiewicz, 1971) 

[42] avoided all the problems of large deformation modelling by simulating the 

loading of a tool against a pre·formed chip, assuming its shape rather than predicting 

it, as well as neglecting initial stages of the process (i.e. chip separation and residual 

stresses) in simulations (Figure 3.3). This work had a number of limitations, making 

it of historical interest only. For example, it neglected friction between the chip and 

tool and did not consider material yield strength variations with strain rate and 

temperature. More fundamentally, it assumed the shape of the chip in the first place, 

whereas the main purpose of chip forming analyses is to predict it. 

Frictiooln~le~~SS~n'Oiii--jI~t~~ rigid di 

A Horizontal 
displacement 
=0 

Figure 3.3 Shear zone development, loading a pre-formed chip (from [42]) 

The limitations of that initial work were removed by Shirakashi and Usui (1976) 

[43]. While keeping the computational advantages of supposing the tool to move into 
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a pre-fonned chip, they developed an iterative way of changing the shape of the pre

fonn until the generated plastic flow was consistent with the assumed shape. They 

also included realistic tool-chip friction conditions obtained experimentally, an 

analysis of temperatures, and variations of material yield strength with strain, strain 

rate and temperature. An updated Lagrangian elasto-plastic analysis with three-node 

triangular elements was performed. The procedure of loading a tool against an 

already formed chip greatly reduces computational capacity requirements and, in the 

I 970s, made elasto-plastic analysis possible. This approach has been further 

developed in the later publications (for example, [44]) and combined with state-of

the-art modelling features of the 2000s. 

Steady state rigid-plastic modelling, within a Eulerian framework, was first 

applied to machining by Iwata et a!. (1984) [45], using software developed for metal 

fonning analysis. Their model procedure also adjusted an initially assumed flow field 

to bring it into agreement with the computed field. The model included friction and 

work hardening, and also a consideration of chip fracture, but did not include heating 

and elastic effects. 

The development of faster computers in mid-1980s allowed transient simulations 

of the entire cutting process from the first tool-chip contact to steady-state cutting 

conditions, as in practical conditions. The updated Lagrangian elasto-plastic analysis 

was used, and the chip-workpiece separation criterion at the cutting edge became an 

issue. Figure 3.4 shows the earliest example of such transient simulations 

(Strenkowski and Carroll, 1985) [35], which used a strain-based separation criterion. 

At that time, neither a realistic friction model nor coupling of the elasto-plastic 

analysis to thennal one was included. 

There was a further development of non-steady analysis, from transient to 

discontinuous chip fonnation, the first three-dimensional schemes and the 

introduction of adaptive rerneshing techniques in the 1990s. 

In 1991 Komvopoulos and Erpenbeck [30] used the general-purpose finite 

element code ABAQUS and an updated Lagrangian fonnulation to model the cutting 

process. A distance criterion was used as the chip separation condition. They 

investigated two possible constitutive defonnation laws: (i) elastic-perfectly plastic 

and (ii) elastic-plastic with isotropic strain hardening and strain-rate sensitivity. A 

total of five cases with different material models, friction coefficient values and tool 
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geometries were studied to find their effects on the cutting process. The Coulomb's 

law was used to model the tool-chip interface friction. 

Figure 3.4 An example of non-steady state analysis (from [35]) 

Figure 3.5 Three-dimensional chip formation (from [46]) 

One of the earliest examples of elasto-plastic three-dimensional analyses was 

carried out by Maekawa and Maeda (1993) [46J(Figure 3.5). Temperature and strain-
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rate effects were ignored to reduce computational requirements. This restriction was 

soon removed: three-dimensional elasto-plastic, thermaUy coupled simulation was 

performed by Maekawa et al. (\994) [47]. 

Marusich with co-workers [33, 40, 48-50] developed specialised software for 

modelling of metal cutting - MACH2D and, later, AdvantEdge - and used it for 

modelling high-speed machining. A comprehensive discussion on the numerical 

techniques employed by them is given in [33]. The Lagrangian model featured 

adaptive remeshing capabilities, explicit dynamics, multiple-body deformable 

contact for tool-workpiece interaction, and transient thermal analysis. Two

dimensional, plain-strain orthogonal cutting conditions were considered. The authors, 

however, argued that, using the orthogonal cutting data, analytical techniques could 

be used to extend the results to three-dimensional situations, such as oblique cutting. 

The elastical1y-deformable cutting tool was parameterised by rake and clearance 

angles, and the cutting edge radius. A contact between workpiece and cutter with 

Coulomb friction was considered, as well as conductive heat transfer across the 

interface. The elasto-plastic material model based on a multiplicative decomposition 

of the deformation gradient into its elastic and plastic components was employed. 

The material model accounted for deformation hardening, thermal softening and 

strain-rate sensitivity, coupled with a transient heat conduction analysis. A fracture 

criterion based on workpiece fracture toughness and the critical crack distance was 

employed. The criterion was applied not only to the depth of cut but also within the 

deformed chip for a given stress magnitude, enabling nucleation and propagation of a 

crack through the chip. The model al10wed prediction of cutting forces, chip 

breakage, and residual stresses in the work-hardened surface layer of the workpiece. 

Another major improvement associated with their model was the use of a versatile 

adaptive continuous remeshing strategy, which eliminated the bulk of the 

deformation-induced element distortion during machining simulation. A version of 

Delaunay triangulation algorithm [51] was employed for remeshing, generating six

noded quadratic elements. The workpiece material was allowed to soften and flow 

around the finite radius of the cutting tool, fracturing only when the respective 

criterion was satisfied. 

Camacho, Marusich and Ortiz (1995) [40] applied this remeshing technique to the 

model of high-speed machining and ballistic penetration. The Lagrangian model 

accounted for dynamic effects, heat conduction, mesh-on-mesh contact with friction, 
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and thermomechanical coupling. Both ductile and brittle fracture initiation and 

propagation were considered. 

Adaptive remeshing software was also developed by Lei, Shin and Incropera 

(1999) [38]. They used an elasto-visco-plastic material with isotropic strain 

hardening and took into account thermomechanical coupling and tool-chip contact 

interaction. An adaptive mesh-regenerating procedure was introduced in [52] based 

on integrating existing commercial FE codes, such as ABAQUS, I-DEAS and 

P ATRAN, and establishing communication links between these packages. 

The work of Ng and Aspinwall (2000) [28] utilised the shear failure criteria and 

element deletion/adaptive remeshing modules of ABAQUS/Explicit. The lohnson

Cook formulation, including strain-rate and temperature sensitivity effects, was used 

to model the workpiece material. A two-dimensional, thermally-coupled, elastic

plastic FEM model using ABAQUS/Explicit was proposed in [22] to predict the 

effect of sequential cuts on the residual stresses in the machined layer. The residual 

state from the first cut was used as the initial condition for the second cut. 

A two-dimensional, thermomechanically coupled model of orthogonal cutting 

based on MSC/Autoforge was presented in [53]. The lohnson-Cook constitutive 

equation was used for workpiece material, which was assumed to flow around the 

cutting tip; the latter was implemented with continuous remeshing of the workpiece 

and chip material. A stick-slip friction model was utilised, with the friction 

coefficient determined experimentally. The cutting tool was modelled as elastically

deformable material with temperature-dependent properties. 

On balance, the number of studies utilising the Lagrangian formulation have 

increased recently. With the development of faster processors with larger memory, 

the model limitations and computational difficulties of the Lagrangian scheme have 

to some extent been overcome. The advantage that the Lagrangian analysis offers, 

such as its ability to track material-property changes, outweighs the simplicity of 

Eulerian computations, which is not fully realised in the large free surface movement 

conditions of a chip-forming process [5]. 

The current stage of development of advanced FE schemes for turning is 

characterized by the introduction· of additional process features into consideration, 

such as thermomechanical coupling and strain-rate sensitivity, i.e. the influence of 

process temperature and deformation rates on material properties, and more complex 

frictional contact conditions at the tool---<:hip interface, e.g. [29, 32, 33, 38] .. Specific 
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features of these advanced simulations are reviewed below. Other interesting 

developments in numerical modelling of metal cutting are described in [54-64]. 

As a side note, the only FE analysis, implementing the contact interaction between 

an ultrasonically-vibrating tool and workpiece for modelling the ultrasonic drawing 

process, was found in a recent publication [65]. ABAQUS/Standard was employed in 

this simple model to compare the drawing force between conventional and ultrasonic 

drawing. 

3.4 FE methods in modelling of specific parts of the 

turning process. 

3.4.1 Chip formation: continuous and segmented 

Most of the reviewed models, based on commercial FE codes, deal with the 

continuous chip formation process (for example, [23, 27, 35, 38]). However, in some 

recent publications discontinuous or segmented chip formation is considered [28, 29, 

32,34,66]. 

Ceretti et al. [67] studied serrated chip formation in an orthogonal cutting model 

under different tool geometries and cutting speeds. DEFORM-2D software including 

the remeshing module was used in simulations. The critical damage criterion was 

used for ductile fracture modelling with the threshold value evaluated by a uniaxial 

tensile test. 

In the publications of Baker with co-workers [32, 34, 68, 69], formation of the 

segmented chip when cutting titanium alloys was implemented in the two

dimensional, thermally-coupled, plain-strain FE model based on the implicit FE code 

ABAQUS/Standard. A pure deformation process with material flowing around the 

tool tip was considered, and automatic remeshing with strong mesh refinement in the 

shear zone was used to track high temperature and stress gradients found there. No 

crack growth or damage model was assumed in the model, so that chip segmentation 

was caused entirely by the adiabatic shearing mechanism. According to this 

mechanism, rapid plastic deformation in front of the tool tip leads to locally

established high temperature gradients, weakening the material by thermal softening; 

if the rate of thermal softening equals or exceeds the strain-hardening rate, it causes 

the formation of narrow, heavily deformed shear bands. Such a shearing condition is 
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known as a catastrophic or adiabatic slip. The influence of thermal conductivity of 

the workpiece on the width of shear bands and on maximum temperatures was 

studied in [69]. 

Ng et al. [29] introduced a three-dimensional model for both orthogonal and 

oblique cutting based on ABAQUS/Explicit FE code. The chip segmentation 

mechanism was based on the catastrophic slip criteria described above. Segmented 

chips were produced due to the ductile crack propagation from the free surface of the 

chip; the crack propagation criterion was based on the attainment of the critical 

plastic strain, which was the function of the strain, strain rate, temperature and 

hydrostatic stress. The model was capable of modelling either continuous or 

segmented chip formation depending on realisations of the catastrophic slip criterion. 

3.4.2 Chip separation and direction criteria 

If chip separation in metal cutting is considered as a result of material fracture 

under the action of the cutting tool, it can be modelled as a crack propagation 

process. A FE method based on Delaunay triangulation [51] was used in [70]. A 

crack was automatically extended and then remeshing was performed around the 

crack tip. It was pointed out that criteria for both crack propagation and its direction 

are needed to predict the crack growth. Various criteria for the crack-propagation 

direction were discussed that define surface roughness and chip cracking when 

applied in simulations of cutting. The criteria were divided into explicit and implicit 

ones. An explicit theory predicts the propagation direction satisfying the postulated 

criterion based on a physical parameter for the actual crack tip. The crack is 

advanced in that direction by a small length increment. The following criteria fall 

into this category: (i) maximum hoop stress (0" 00 ~ max), (ii) minimum strain 

energy density (S ~ min), (iii) maximum second stress invariant criterion 

(12 ~ max). An implicit prediction theory, by contrast, looks for the propagation 

direction that satisfies the criterion for the new crack tip after the crack is advanced 

by a small increment. An iterative process is required, and the direction prediction is 

more accurate in this case. The following implicit criteria were studied: (i) maximum 

stress intensity factor (KJ ~ max), (ii) maximum energy release rate ( G ~ max), 

and (iii) local symmetry criterion (KJI ~ 0). 
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An extended FE method for cohesive crack growth was presented in [71]. And a 

meshless (element-free galerkin) approach was used allowing to model displacement 

discontinuities, which do not conform to interelement surfaces. The crack growth 

was governed by requiring the stress intensity factors to vanish at the tip of the 

cohesive zone. 

Based on the stress-strain state, metals can fracture in a brittle or ductile manner 

[49]. Marusich and Ortiz [33] employed fracture criteria allowing for both types of 

fracture. In their approach, mixed mode fracture conditions, typical for machining, 

result in a brittle fracture when the hoop stress G' 00 reaches a critical value 
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where G', is the critical fracture stress, K,c is the material's fracture toughness, and 

1 is a distance ahead of the crack tip. 

Ductile fracture by void coalescence was implemented by the ductile fracture 
, 

criterion in terms of the critical effective plastic strain cf in the following form [33]: 

maxeP(!,B)=ej. 
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Ductile crack propagation in relation to metal cutting was discussed by Atkins 

(2003) [6]. The author argued that the separation criterion has to be employed at the 

tool tip in order to permit tool movement. This requirement for the extra separation 

criterion in FEM models of cutting relates to the difference between conventional 

plastic flow and cutting: the former is found, for example, in forming processes, 

whereas the formation of new surfaces is essential for metal cutting. Atkins stated 

that as long as the work of formation of new surfaces is negligible, any separation 

criterion could be employed in FEM models of cutting. It is, however, best to employ 

the physics-based criterion, as residual-stress distributions in the machined layer and 

the distributions of effective plastic strain both in the chip and machined surface 

depend on the employed criterion. Atkins argued that the work of fracture related to 

forming new surfaces can be a significant component of the total cutting work under 

certain cutting conditions even when no obvious cracking is evident, and then this 

work should be incorporated into FE simulations. 
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3.4.3 Contact interaction and friction 

In many papers the frictional contact at the tool-chip interface is taken into 

consideration, and various friction models are employed for this purpose. They 

include th~ Coulomb friction model, with friction stress being proportional to normal 

pressure at the interface (r = pan) [29, 34, 72]; shear friction model (r = mk , where 

k is shear yield strength) [73]; modified shear friction model (2.14) [22], and stress

based polynomial model [23] (see also Section 2.4 for the description of friction 

models in cutting). 

The residual stress sensitivity to friction condition at the tool-chip interface was 

studied in [22]. It was discovered that as the friction coefficient value changed from 

0.3 to 0.5, the residual stress on the machined surface changed from tensile to 

compressive. 

A complex stress-based friction model was employed in [23] for residual stress 

prediction; the relationship between the friction stress and normal stress was 

proposed in the form ofthe 4th order polynomial: 

k=4 

T;::: Lak(T~ , 
k=O 

where ak is a coefficient. 

The authors [23] argued that a conventional force-based friction model, with the 

coefficient of friction as 

_ b FT sina + Ff cosa 
J.I- F F." Tcosa- fsma 

where b is a coefficient, FT and Ff are main cutting and feed forces, respectively, 

and a is the tool's rake angle, is inadequate to predict residual stresses induced by a 

cutting process and that the polynomial friction model could improve residual-stress 

predictions. 

Friction at the cutting tool-chip interface generates heat that should be properly 

allocated to the tool and chip. The ratio of the heat supply to the tool (" ) and chip 

(I?) can be computed as (see, for example [33]): 

" ~K'PtC, 
I? = ~ K 2P2C2 ' 

(3.3) 
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where K
" 

P, and C, are, respectively, thennal connectivity, mass density and 

specific heat of the tool (i = 1) and workpiece (i = 2). For a more detailed 

description of tool -chip heat conduction see Section 7.2. 

3.4.4 Thermomechanical coupling 

Thennomechanical coupling should be an essential part of the numerical 

description of the metal machining process. During metal cutting the work of plastic 

defonnation and friction between the cutting tool and workpiece are the main heat 

sources and can result in a significant temperature increase both in the machined 

material and the cutter. This temperature increase can noticeably affect material 

properties, such as the yield strength, coefficient of thennal expansion, conductivity 

and specific heat. The change in these material parameters, in its turn, will influence 

defonnation processes and stress evolution in the workpiece. Excessive temperatures 

can also lead to premature wear of the cutting edges. Coupled thermomechanical FE 

models of turning with a non-steady chip fonnation analysis and elasto-plastic 

material behaviour were introduced in the beginning of 1990s. Thennal coupling in 

these approaches is usually modelled with a staggered procedure (see, for example, 

[33]) where the solution is divided into mechanical and thennal steps, with a non

changing temperature distribution assumed during the mechanical step. 

In this procedure, a mechanical step is taken first based on the current distribution 

of temperatures. The heat generated due to plastic defonnation is then found 

according to the fonnula: 

m= pWP , 

where m is the distributed heat source density, WP is the plastic power per unit 

defonned volume, and Taylor-Quinney [74] coefficient P is approximately 0.9. The 

rate at which heat is generated due to friction is given by 

h =-t·v , , 

where t is the contact traction, and v, is the jump in the velocity across the contact. 

The heat generated by both plastic defonnation and friction is used in the thennal 

analysis where temperatures are recomputed. Resultant temperatures are then 

incorporated into the thennal expansion and softening of the workpiece material, and 
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the next mechanical step is then perfonned, thus completing one cycle of the 

procedure. 

3.4.5 Modelling of the cutting tool 

Although many papers focus mostly on stress, strain and temperature distributions 

in the workpiece and chip, some papers concentrate on the forces acting on the 

cutting tool, tool temperatures and its wear. 

The heat transfer into the rigid cutting tool was investigated, for example, in [75], 

and factors, influencing the temperature distribution in the cutting tool, were studied. 

A FEA model employed in [75] was used to validate experimental measurements of 

temperature in the ceramic tool when turning Inconel 718 and hardened steels in 

order to predict the influence of various cutting parameters and tool geometries on 

the tool life. 

The tool wear evolution and tool life was studied in [76]. Modifications were 

made to the commercial FEM code DEFORM-2D in order to allow tool wear 

calculations and tool geometry updating based on temperatures and stresses acting on 

the tool face predicted by FE simulations. It was pointed out that tool wear is 

influenced by the cutting temperature, contact stresses, and relative sliding velocity 

at the interface, which, in their turn, depend on tool and workpiece materials, tool 

geometry and coatings, cutting conditions, and use of coolants. The tool wear was 

related to the predicted process variables in that thennomechanically coupled 

analysis of orthogonal cutting, and tool rake and flank faces geometry was 

incrementally updated in simulations. The effect of various tool edge geometries on 

the process variables, such as cutting forces and chip geometries, was analysed by 

Lagrangian thenno-viscoplastic cutting simulations in [73]. Tool temperatures and 

tool stresses on the rake face were predicted, and the effect of the cutting edge radius 

on the tool-chip interface temperature was studied. 

A power flow inside the ultrasonically vibrating tool was estimated by FEM in 

[77] in order to design the fatigue life of the tool. However, neither interactions with 

the workpiece material, no chip separation processes were considered. 

An elasto-plastic FEA package FORGE-2 was employed in [78] to study the 

stress distribution for different tool coatings under a range of cutting conditions when 

cutting Inconel 718. A continuous chip fonnation during orthogonal cutting was 
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simulated with a two-dimensional, thennomechanically-coupled model. The results 

included the stress and temperature distributions at the tool--chip interface and at the 

coating-substrate boundaries. Tools were modelled as rigid, uncoated deformable 

solids and coated deformable ones. A standard Coulomb friction model was utilised. 

A steady-state temperature response in the cutting tool was calculated using 

NASTRAN, and effects of tool angles, the nose radius and tool materials on the 

cutting temperature were studied in [79]. 

3.4.6 Explicit vs. implicit formulation 

In different publications, both explicit and implicit integration schemes are used in 

FE models of cutting, and both schemes have their advantages and drawbacks. 

A commercial FE code ABAQUS/Explicit was used in [23]; authors based their 

selection on the following reasons: (i) the explicit method is advantageous in 

modelling complex contact problems and materials with degradation and failure, 

inherent in metal cutting modelling, and (ii) high-speed dynamic problems are 

extremely costly to analyse using implicit programs, such as ABAQUS/Standard. 

A comparison of explicit and implicit methods for the simulations of forming 

processes was presented in [80]. Both static implicit and dynamic explicit procedures 

successfully analysed forming processes. The authors stated that the dynamic explicit 

approach requires less memory and more computationally efficient; however, for 

some applications it was unable to reduce the computation time because of the 

stability requirements of the time-step size, requiring a large number of increments. 

An elastic springback was reported to be successfully modelled using an implicit 

quasi-static approach, whereas springback calculations using dynamic explicit 

methods were said to be meaningless due to the artificial vibrations in the workpiece 

material. The inertia effect in the explicit method was said to play the significant role 

in affecting results of simulations, whereas the implicit methods did not change 

physics of the forming process. 



Chapter 4. Ultrasonic machining 52 

Chapter 4 Ultrasonic machining 

4.1 Overview of ultrasonic technology 

Ultrasonic vibration has been employed with considerable benefits for a variety of 

manufacturing processes, such as ultrasonic cleaning, welding, cutting, grinding, 

milling, drilling and turning. 

There are two possible applications of the ultrasonic vibrational energy for the 

machining of materials: (i) indirect utilisation of an ultrasonic transducer to propel 

abrasive particles suspended in a slurry at the work surface causing slow erosion and 

(ii) direct application of the ,:,ibration to a cutting tip. 

Figure 4.1 Schematic diagram of the ultrasonic erosion process (from [81]) 

The first process, also called ultrasonic erosion, uses a nonabrasive tool (the 

sonotrode) made of a hard material, attached to a transducerlbooster combination, 

which vibrates with ultrasonic frequency. A machining action occurs in the following 

way: the sonotrode vibrates and presses fine abrasive particles flowing throughout 

the machining gap against the workpiece material. The form tool itself does not 

abrade the workpiece; the vibrating tool excites the abrasive grains in the flushing 
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fluid, causmg them to wear away the material, leaving a reverse form of the 

sonotrode shape (Figure 4.1). Such a technique is usually used for machining of 

brittle workpiece materials, such as engineering ceramics. A good literature review 

ofthis form of ultrasonic machining is given in [82]. 

In the different type of application of ultrasonic energy, a vibrating cutting tool 

interacts directly with a workpiece and thereby removes the material in a chip form 

(or cuts it in case of a knife-like system). This approach can be basically associated 

with any conventional metal removing process, for example turning, drilling, milling 

and grinding. The advantages of this method, which is usually referred to as 

ultrasonic vibration cutting/machining, are not obvious, because machine-tool 

vibration has to be vigorously suppressed in most cases. However, different studies 

(which are discussed in Section 4.2.3) have reported significant improvements in 

surface finish, noise and tool wear reduction etc., when ultrasonic vibration is applied 

during machining operations. 

An example of application of ultrasonic vibration for machining operations is 

ultrasonically assisted drilling. A prototype of an ultrasonic drilling system has been 

designed in the Wolfson School of Mechanical and Manufacturing Engineering, 

Loughborough University. The system employs an autoresonant control system, 

described in Section 4.2.4, to stabilise the drilling process. A reduction in the cutting 

forces, an increase in the penetration speed, and elimination of burrs are among the 

benefits of drilling with ultrasonic assistance. Figure 4.2 demonstrates considerable 

changes in levels of acting forces (a) and penetration speed (b) when ultrasonic 

vibration is switched on and off (denoted as "US on" and "US off', respectively, in 

figures). 

Although different machining operations supported by ultrasonic vibration, for 

example, ultrasonic turning, drilling and milling, appear to have much in common, 

there are still large differences in the deformation processes in machined materials 

for these applications. An experimental analysis of ultrasonic drilling and milling is 

further complicated by the cutting tool being shielded by the workpiece, thus making 

direct optical observation of the process nearly impossible. This research will 

concentrate on the study of the ultrasonically assisted turning (UA T) process, 

described in detail in following sections. 
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Figure 4.2 Effect of ultrasonic assistance on drill ing: (a) a reduction in the curting 

force, and (b) an increase in the penetration speed 

4.2 Ultrasonically assisted turning 

4.2.1 Vibration specification 

There are three independent principal di rections in which ul trasonic vibration can 

be imposed during the turning process: tbe feed direction, tl,le taJ~grn \ill ! c:I irection (or 
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the direction of cutting velocity) and the radial direction (Figure 4.3). Vibration in 

the tangential direction is the most widespread due to the relative ease of 

implementation, whereas vibration in the feed direction either has a limited run when 

turning with a commercial ultrasonic transducer or requires a specially designed 

transducer. Vibration in the radial direction usually results in the deterioration of the 

surface finish. All our experiments and numerical simulations study vibration in the 

tangential direction, and thus the description below is limited to this kind of 

vibration. 

ultrasonic vibration in 
tangential direction 

1 

workplece 

ultrasonic vibration in 
radial direction 

direction of work piece 
rotation 

ultrasonic vibration in 
feed direction 

Figure 4.3 Principal vibration directions during ultrasonically assisted turning (from [1]) 

Consider vibrations in the direction of the cutting velocity (tangential direction). 

Figure 4.4 shows relative movement of the specimen and cutting tool in this case. 

The plane of the figure is normal to the cutting edge of a tool, and the axis Y is 

aligned along the axis of the rotating workpiece. 

The periodic movement of the cutting tool can be approximated by the following 

relation: 

UO(t) = acoswt, (4.1) 
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where a is the amplitude of vibration, m is the angular frequency (expressed in 

rad/s). 

The speed ofthe cutter equals 

UO (I) = -am sin mt = -27raf sin mt , 

where f is the frequency of vibration in Hz. 

cutting speed, Vc Workpiece 

ultrasonic 
vibration 

(4.2) 

Figure 4.4 Relative movement of the workpiece and cutting tool 

When ultrasonic vibration is applied, the nature of the interaction between the 

cutting tip and workpiece changes: instead of the usual CT continuous contact, it 

becomes an intermittent one. This means that the cutting tool fully separates from the 

chip at each cycle of ultrasonic vibration, while it remains in contact with the 

workpiece surface. The intermittent cutting conditions at VAT take place provided 

that the velocity ofthe vibrating tool exceeds the cutting speed: 

VI = 27raf > Vc = 7rnD , (4.3) 

where Vc is the cutting speed, n is the rotational speed, D is the diameter of the 

workpiece, VI is referred to as the critical cutting speed for a given frequency. 

Calculations show that for f'" 20kHz, 2a '" 30pm (standard parameters of 

cutting in our experiments) the cutting tip velocity does not exceed 120 mlmin. 

Moreover, reduction of tip vibration velocity also occurs during the cutting process 

due to the cutting tool-workpiece interaction (Skelton, 1969), so the upper limit on 

cutting speed is further reduced (investigation ofloaded vibration amplitude is given 
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below in Section 4.2.4}. Hence, efficient VAT with vibration applied ID the 

tangential direction is subject to the condition 

V, =kVe, k>l, (4.4) 

which can be achieved only for low diameter workpieces or low rotational speeds. 

For example, n is limited to 150 rev/min for D = 50 mm and k = 5. 

4.2.2 VAT apparatus 

A typical arrangement for applying ultrasonic vibration to the cutting tool is 

shown schematicaIIy in Figure 4.5. The main elements of the VAT system are: (i) a 

high frequency generator, (ii) a transducer, which utilises the piezoelectric or 

magnetostrictive effect, (Hi) a concentrator, which is shaped to amplify the vibration 

output of the transducer, (iv) a tool holder and (v) a tool. These parts of the ultrasonic 

vibration system are specified below. 

~Uill.lO.-!l~ __ -.Tool holder 

Ultrasonic 
vibration 

Concentrator 

Workpiece Ultrasonic 
transducer 

Figure 4.5 A schematic diagram of the VAT apparatus 

Transducers 

By definition, a transducer converts energy from one form to another. Transducers 

used in ultrasonic machining convert electrical energy into mechanical motion, and 

they are based on piezoelectric or magnetostrictive principles. The amplitude of 
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vibration depends on the length of the transducer and the strength of the material 

used, the practical limit being approximately 40 !lm. 

The work of magnetostrictive transducers is based on the phenomenon that 

magnetised ferromagnetic materials (e.g. nickel and nickel alloys) expand. 

Application of an alternating current to coils surrounding the material (Figure 4.6) 

causes vibration at the applied frequency. The magnetic material is laminated to 

reduce eddy current losses, but the energy conversion efficiency is only 20 to 35 

percent; consequently, water cooling is required to remove waste heat from the 

transducer [3]. 

Energizing coils 

Laminated pack 

Figure 4.6 Magnetostrictive ultrasonic transducers (from [3]) 

Another physical phenomenon that can be used for the design of an ultrasonic 

transducer is piezoelectricity. Certain crystals, such as quartz, undergo small 

dimensional changes when subjected to a changing electrical current. Application of 

an alternating voltage to such a crystal causes vibration; its amplitude is greatest at 

the resonant frequency of the crystal. For resonance, the length of the crystal must be 

equal to half the wavelength of sound in the crystal. Polycrystalline ceramics, such as 

barium titanate, are also used as transducers; they have a sandwich construction and 

lengths of 75 to 100 mm. A typical transducer (Figure 4.7) consists of a stack of 

ceramic disks, sandwiched between a high-density base and a lower-density block of 

the material, which forms the radiating face of the transducer. The action of the 

transducer is based on the fact that, from momentum conservation, the velocity and 
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amplitude of vibration are high in a lower density material. Such transducers are 

capable of converting electrical energy into vibrational energy at 96 percent 

efficiency and, consequently, do not require cooling [3]. 

Radiating face 

Low.<fensity 
material 

Ceramic discs 

High-density 
material 

Bolt 

Figure 4.7 Piezoelectric ultrasonic transducers (from [3]) 

Concentrator and tool holder 

The purpose of the concentrator ID ultrasonic machining is to increase the 

vibration amplitude. The concentrator's length is a multiple to half the wavelength of 

sound in the concentrator's material. The reduction in the cross-sectional area causes 

amplification of vibration, which increases in inverse proportion to the ratio between 

the areas of the opposite ends of the concentrator. A sevenfold increase in vibration 

amplitude may be obtained with a suitably shaped concentrator. An additional 

increase in amplitude ai the tool face can occur in the tool holder, and final 

amplitudes at the tool face can range from some micrometers to 0.1 mm [3]. 

4.2.3 Literature review: historical development of VAT 

First attempts to employ the ultrasonic power for cutting hard and brittle materials 

were made independently by Russian [18, 83] and Japanese [84, 85] researchers. 

Kumabe [85] in his monograph summarised some of research results up to the 

time of his publication and also presented the outcomes of his own experiments on 

the application of ultrasonic vibrations for various conventional material removal 
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processes. Kumabe emphasized that in eT the cutting tool is not immovable, but 

oscillates with a variable frequency and amplitude, thus the idea of VAT is to change 

the character of the workpiece - tool interaction and to regularise these oscillations. 

Kumabe stated that high-speed photography and study of the chip shape and surface 

finish are useful tools for the analysis of VAT. He also studied the advantages and 

shortcomings of using various vibration directions that are summarised in Table 4.1. 

Table 4.1 Advantages and shortcomings of various vibration directions ([85]) 

Processes Features 

Vibration Advantages: 

in the • Sharpening of the cutting edge (introduction of ultrasonic vibration 

feed leads to an increase in an equivalent rake angle) 

direction • Sinusoidal oscillations ofthe cutting force 

• Reduction in average cutting forces 

Shortcomings: 

• Increase in friction at the cutting tip leading to temperature growth 

and subsequent fast wear of the cutting edge (use of ceramic cutting 

edges is recommended) 

Vibration Advantages: 

in the • Extremely thin chip can be obtained (t, '" t,) 

radial • Sinusoidal oscillations of the cutting force 

direction • Reduction in average cutting forces 

Shortcomings: 

• Fast wear at the rake and clearance faces of the cutting tool 

Vibration Advantages: 

in the • Reduction in average cutting forces 

tangential • High precision ofthe machining operation 

direction • Low temperature of cutting (nearly room temperature) 

• Abolition of the built-up edge 

• Improvement in the lubricating and cooling action oflubricants 

• Increased wear and corrosion resistance of the machined workpieces 

• Increase in the tool life 
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It is important to note that all his experiments were carried out with 

magnetostrictive vibrators specially designed for the generation of ultrasonic 

vibration. Kumabe also suggested that vibration of the cutting tool in the direction of 

the cutting velocity might give better results than the application of the vibration in 

the radial and feed directions. Kumabe pointed out that the actual cutting speed Vc 

should be less than the critical cutting speed v, (see Eq. 4.4), otherwise the 

mechanism of cutting is similar to the conventional. He observed the following 

general advantages of ultrasonic machining: a rise in machining accuracy due to the 

increase in the dynamic rigidity of the system, a reduction in cutting temperature, the 

abolition of the built-up edge, the elimination of burrs (in drilling), a smooth 

formation of chips, an improvement in the lubrication and cooling properties of 

lubricants, and an increase in the tool life and in wear and corrosion resistance of 

machined surfaces [85]. 

Kumabe discussed residual stresses in the machined layer of carbon steel. For CT, 

these residual stresses were tensile and the hardened layer is quite deep, whereas for 

UAT the residual stresses were small and compressive, and the hardened layer is 

narrow. The author argued that deformation processes in CT engulf a big area in the 

surface layer when cutting, whereas the deformation is concentrated in the vicinity of 

the cutting edge in UAT. Consequently, the metallographic structure of the surface 

layers in UAT remains nearly the same as in the bulk of the material, and such 

workpieces possess higher wear and corrosion resistance. 

Markov [18, 86] in his book "Ultrasonic machining of intractable materials" 

described the use of ultrasonic vibration in turning of heat-resistant alloys. Vibration 

in his experiments was applied in the radial-tangential direction with the help of a 

magnetostrictive transducer. The effects of ultrasonic vibration on the tool life, 

surface finish, deformation of the cut layer were studied in the book. It was found 

that during turning the reaction force in the workpiece greatly reduced the amplitude 

of ultrasonic vibration of the tool and slightly lowered its frequency. Calibration of 

the tool vibration amplitude was performed under various static loads and used to 

predict amplitude levels during actual cutting. 

The relation between the tool life and ultrasonic vibration was studied in turning 

heat-resistant alloy grade E1437B for cutting conditions v = 10 mlmin, s = 0.2 

mmlrev, d = 0.5 mm and high-speed tools. It was found that high intensity vibrations 
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( 2a > 13 J.lm, according to Markov's classification) shortened tool life, whereas low 

intensity vibrations (2a < S J.lm) lengthened it. Low amplitude axial vibrations were 

also found to lengthen the tool life. On the other hand, ultrasonic vibration shortened 

the tool life for hard alloy tips (grade VKS). The author suggested that the influence 

of the ultrasonic vibration on the cutting process was very complex. An 

increase/decrease in the tool life depended on the intensity (amplitude) of the 

vibration as well as on the material of the cutting tip, thus depending on the tool 

material and amplitude of vibration, its effect on the tool life could be either 

beneficial or harmful. 

Shortening of the tool life for high amplitudes of vibration, according to Markov, 

could be linked to changes in frictional conditions between the working surface of 

the tool and workpiece, due to additional frictional forces introduced, which vary 

harmonically. The heat generated by ultrasonic vibration flows not only into the 

workpiece but also into the tool, leading to high temperatures in the contact area 

between the chip and tool; this causes premature wear of the cutting edge. Markov 

suggested that a use of hard-alloy cutters was unjustified for VAT due to their fast 

fatigue fracture and recommended using of tools with high fatigue resistance. 

Markov also noted that ultrasonic vibration affected the character of the machined 

surface. In the absence of ultrasonic vibration, the surface of the heat-resistant alloy 

was reported lustrous, whereas with vibration, especially of a high amplitude, it 

became matt. Roughness measurements showed that radial ultrasonic vibration had a 

negligible or negative effect on the surface finish compared to that of CT for one 

design of the ultrasonic system, whereas the roughness was improved up to three 

times for another design. Tangential vibration had also improved the surface finish in 

turning grade St3 steel. It was noted that the greatest effect on the surface finish was 

achieved at low cutting speeds. The change in the rake angle from _400 to +300 had a 

very little effect on the cutting force, chip properties and surface finish. 

An important change in deformation processes in the cutting region was noticed. 

Microhardness of the chips and machined layer was considerably lower compared to 

that of CT, and the deformed surface layer was much thinner. 

In cutting steel, grade 45, with amplitude of vibration 2a = 30 J.lm, the cutting 

forces were reported to reduce by a factor of 5 of 6 for slow cutting speeds (v = 1-5 

mlmin). The measured temperature was higher for VAT and explained by dissipation 
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of the ultrasonic energy. However, temperature measurements were very 

approximate, as tool-workpiece thermocouple method was used, and, in Markov's 

opinion [18], this method was not sufficiently reliable under conditions of dynamic 

load, when the cutting tool periodically moves away from the chip. The tests also 

showed that increasing the amplitude of ultrasonic vibration extended the range of 

cutting speeds for which ultrasonic vibration had a noticeable effect on the cutting 

process. Increasing the area of the cut layer reduced the effect of ultrasonic vibration. 

Markov emphasized that rigidity of the system comprising a machine tool, fitting, 

cutting tool and workpiece is important: if the rigidity of this system is not high 

enough, the tool life is shortened and the overall advantage ofUAT may be small. 

Finally, Markov [86] suggested that the influence of ultrasonic vibration on the 

turning process could be explained by the thermal effects, which cause softening and 

micro-melting of the deformed material in the contact points with the cutting tip and 

considerably affect the nature of frictional processes at the tool-chip interface. 

In more recent publications [87, 88], Markov pointed out that there is a clearly 

expressed optimum amplitude of ultrasonic vibration, which depends on the tool 

dimensions as well as physico-mechanical and thermophysical properties of 

workpiece and tool materials. Markov argued that ultrasonic vibration with 

amplitude exceeding the threshold value significantly accelerates the motion of 

dislocations and the formation of new dislocations, thus allowing plastic deformation 

at a lower load. An optimum vibration amplitude that provides the biggest friction 

reduction was reported to be experimentally found. Ultrasonic vibration with very 

high amplitude was considered less effective due to extensive heat generation and 

increase in the tool wear. Markov stated that in order to obtain a stable positive result 

in UAT an automatic control system is required. He also proposed a method of 

controlling UAT based on the resonant character of the amplitude-frequency 

characteristic and its dependence on the radial force. 

The works of Kumabe [85] and Markov [18, 86] are among few reports 

containing attempts to describe the physics of the ultrasonic process. The majority of 

the following references include mostly results of the practical implementation of 

ultrasonic technology with some observations of the attendant phenomena. 

Weber et aI. (1984) [89] utilised ultrasonic vibration in the direction of the cutting 

velocity in turning a C60 steel and a X5CrNiMo 18.11 alloy, which are difficult to 

machine. A decrease in the surface roughness of the workpiece was obtained for 
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cutting speeds less than 90 m1min. It was also observed that formation of the built-up 

edge, which was very typical for that range of cutting velocities in CT, did not occur 

in the case of the ultrasonically assisted procedure. Experiments with a VKB-MgO 

glass ceramic machined with a KIO/GH 012 carbide tool led them to the conclusion 

that the tool life can be increased up to 20 times by superimposing tangential-radial 

ultrasonic vibrations on the tool movement. In these experiments the tool vibrated 

with frequency of about 20 kHz both in tangential (a = 8-12 flm) and radial (a = 2-6 

flm) directions. 

Moriwaki, Shamoto and their co-workers [90-92] explored ultra-precision 

diamond turning of glass and SU303Se -JIS stainless steel by applying ultrasonic 

vibration if = 40 kHz, a = 3 flm) to a single crystal diamond tool in the direction of 

cutting velocity. They argued that an increase in vibration frequency reduced 

generation of vibration marks at the finished surface. These experiments were carried 

out on an ultraprecision turning machine and a mirror-like finish of the stainless steel 

with a surface roughness of 0.026 flm was obtained. An increased tool life was 

reported due to a reduction in both crater and flank wear. 

An UA T process with vibration in the tangential direction and the cutting speed 

exceeding the critical level was discussed in [93]. Although the tool did not separate 

from the chip in this case, such a technique demonstrated several advantages, 

namely, a decrease in the size of a buildup edge and chatter reduction. An application 

ofUAT for cutting carbon-fibre reinforced aluminum matrix composites was studied 

in [94). A fivefold increase in a diamond-tool life was reported together with 

fourfold improvement in the surface finish. 

The ultrasonic vibration system used by Kim and Lee (1996) [95] in their 

experiments on the cutting of Carbon-Fibre Reinforced Plastics (CFRP) had 

frequency of 19.5 kHz and amplitude of 15 f!ID (vibration was applied in the 

tangential direction). It was concluded that ultrasonic cutting produced a better 

surface than CT when the cutting speed was less than the critical one. The surface 

quality of CFRP was not connected with the depth of cut but was closely related to 

the cutting speed and feed rate. They also observed that the cutting force generated 

during UA T was less than that generated in CT for all cutting tool/workpiece 

combinations. 
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Further studies carried out by Kim and Choi [96] on brittle optical plastics (CR-

39) investigated the possibility of utilising VAT (f = 20 kHz, a = 26.4 !lm) as a 

substitute for micro-surface machining which is used in manufacturing of precision 

optical parts. It was confirmed that surfaces in the ductile mode of cutting were 

obtained for depths of cut less than 2.7 !lm. It was also found that an ultrasonically 

excited tool contributed to an improvement in both waviness and roughness of the 

machined surface. Moreover, they [97] tested the VAT with the same parameters at 

the extremely low cutting velocity for precision machining of CR-39. They 

concluded that such cutting velocities maximised the non-contact interval between 

the chip and the tool face and induced aerodynamic lubrication, which greatly 

reduced the friction force and the instantaneous cutting force. They obtained chips 

generated by ductile-mode cutting when the cutting speed was as low as 1140 of the 

critical speed of the VAT system. 

The attempt to prevent chipping of the cutting tool when cutting hardened steels 

was taken in [98]. The authors considered that the chipping was caused by a collision 

between the flank face of a cutting tool and the machined surface of a workpiece due 

to a vibrational movement of the tool. Countermeasures proposed were increasing of 

the rigidity and stability of the ultrasonic system and inclination of the vibrational 

direction by 10-30° from the principal cutting direction toward the workpiece. 

The influence of tool-nose radius on chatter vibration, cutting forces and the 

surface roughness when cutting Inconel 600 was investigated in [99] both 

analytically, with a dynamics model, and experimentally. It was concluded that 

larger tool-nose radii could be used in VAT without causing chatter vibration 

compared to those in CT. The optimum tool-nose radius was found for studied 

cutting conditions, and larger radii were reported to increase surface roughness and 

cutting forces. 

In a recent work by Klocke and Rubenach [100], application of VAT (f= 40 kHz, 

a = 3.5+5 !!ill) using synthetic single crystal diamond tools to manufacture 

ultraprecision optical parts was further studied. It was reported that the level of the 

resultant surface quality of workpieces when machined with hard-metal tools was 

limited by the polycrystalline structure of the cutting edges, thus a use of diamond 

tools was necessary. Vibration was applied in the direction of the cut (i.e. tangential 

direction). The main focus of this study was an extension of the tool life with 
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assistance of ultrasonic vibration: extremely fast tool wear was reported for CT, and 

was extended by 4-5 times when using an ultrasonic-assisted process for machining 

C60 steel. The ductile mode in glass machining was investigated, and material 

removal was found to be dependent on the vibration amplitude. For required high 

levels or accuracy (Ra < 10 nm and peak-to-vaIIey value of roundness less than I 

~m), the roughness of machined surface was largely dependent of the size of 

material's particles/grains (the depth of cut and feed rate were in the micron range). 

However, the tool wear in machining steel materials was determined primarily by the 

hardness of the material and to a much lesser degree by its microstructure. FinaIIy, it 

was stated that a delay in industrial application of VAT was connected with 

unsatisfactory explanation for effects of decisive factors on the VAT process and 

with absence of an VAT system suitable for industrial use. 

In another recent publication, Sharman et al. [2] studied machining of gamma 

titanium aluminides (y-TiAI) - which are considerably more difficult to machine than 

conventional titanium aIIoys - with VAT if !Of 20 kHz, unloaded 2a = 30 ~m). A 

high-circle fatigue load imposed on the tool edge due to ultrasonic vibration was 

reported to cause micro-cracking and chipping and significantly reduced tool life 

(typicaIIy 5 -15 minutes), compared to CT, for used uncoated tungsten carbide (WC) 

insert tools (grade KIO). The nature of tool failure was unpredictable and 

catastrophic. However, an increase in the cutting speed generaIIy resulted in longer 

tool lives when VAT; that was explained by the reduced non-contact time producing 

lower fatigue stresses on the tool edge. An increase in the depth of cut reduced the 

tool life due to the higher load imposed on the cutting edge. The cutting forces were 

12% of those in CT for similar cutting parameters. This was explained by the 

reduced material strength in the shear zone due to formation of cracks caused by an 

impact motion of the tool. A change in the rake angle did not have any noticeable 

effect on the cutting force. AdditionaIIy, superposition of ultrasonic vibration led to a 

transition from partly discontinuous needle chips to long helical chips (- 25 mm). An 

explanation of the latter phenomenon was that a reduction in cutting forces prevented 

unstable crack propagation from the tool tip. 

Many authors reported that VAT resulted in improved workpiece finish, reduction 

in average cutting forces or elimination ofthe build-up edge [101-104]. In contrast to 
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the most of above-listed studies, the papers that follow contain some theoretical 

explanations and modelling of the ultrasonic cutting process. 

A rheological model of ultrasonic vibrational cutting proposed by Astashev [l05] 

and subsequent experiments confirmed a noticeable reduction in the cutting force for 

ultrasonic cutting with vibration in the tangential direction if= 20 kHz, a = 10 ~m). 

It was also established that the cutting force reduction was less at higher cutting 

speeds and, with a cutting speed exceeding a certain level (v> aOJ, where OJ is the 

angular frequency), vibration did not affect the cutting force. The resistance forces 

were considered to be caused by plastic deformation of the layer being cut off and by 

fictional forces acting on the working faces of the cutting tool. 

These experimental results have been explained theoretically by Astashev and 

Babitsky [106] within the framework of rh eo logical models. Reduction in the cutting 

force caused by superimposition of ultrasonic vibration was derived for the elasto

plastic material model. It was concluded that the vibrating process transforms and 

reduces the fiction force due to the effect of dynamic fluidisation of dry friction. 

Dynamic characteristics of transformed machining processes were obtained, 

including the dependence of reduced cutting forces on the material and vibration 

parameters. Dynamics of an ultrasonic cutting machine under technological load was 

investigated and the nonlinear amplitude response of the vibrating tool in the process 

of cutting was obtained. The autoresonant control system keeping the resonant 

conditions of excitation under variable technological loads was constructed. 

Babitsky et al. [1] have developed an elaborated autoresonant system, maintaining 

a constant level of vibration provided by the transducer and therefore improving the 

accuracy of ultrasonic machining. Vibration in the feed direction was studied. It was 

pointed out that application of ultrasonic vibration along the feed direction enables 

overcoming the restriction on the level of rotational speeds, which is of great 

importance for industrial VAT requiring high levels of productivity. 

The majority of research on VAT has been focused on technological aspects of 

the problem, such as frequencies, amplitudes and directions of vibration, depths of 

cut, feed rates, and cutting velocities. However, there is little information available 

on mechanical processes involved in ultrasonic cutting. Studies by Babitsky and co

workers [1, 105-107] are the starting points of the current research. Although 

uniaxial rheological models [106] cannot predict stress and strain fields at the 

workpiece - cutting tool interface, they allow dynamical characteristics of the 
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ultrasonic vibration system, such as the amplitude response of the tool under 

technological load, to be obtained. 

4.2.4 Autoresonant UAT prototype and results of turning 

tests at Loughborough University 

An original test rig for ultrasonically assisted turning with autoresonant control 

system has been designed by Nonlinear Dynamics Group, Wolfson School of 

Mechanical and Manufacturing Engineering, Loughborough University, UK. This 

test rig uses a standard lathe with a specially designed ultrasonic attachment, and it 

effectively serves as a prototype of the machine tool for UA T. For the case of 

simplicity, it will be referred to as a "prototype" below. This prototype is used in all 

our experiments for' turning Ni- and Ti-base superalloys, widely used in the 

aerospace industry, as well as for many other materials. The complete description of 

the experimental arrangement is given in [I, 107]. 

Figure 4.8 shows a schematic diagram of the UA T system. A workpiece is 

clamped in the three-jaw chuck of a Harrison 300 universal lathe and rotates 
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Figure 4.8 Autoresonant control system for the UAT prototype 

with a constant speed. A commercial ultrasonic piezoelectric transducer (unloaded 

resonant frequency J '" 20 kHz) is used to provide vibration. The transducer is fixed 



Chapter 4. Ultrasonic machining 69 

in the cross slide of the lathe by a specially designed tool post attachment, so that it is 

possible to apply ultrasonic vibration either in the direction tangential to the surface 

of the workpiece (parallel to the Z-axis, Fignre 4.9), or in the feed direction, i.e. 

along the axis of the workpiece (X -axis, Fignre 4.9). 

x 

Figure 4.9 Relative position of the workpiece and cutting tool 

Experimental setups for OAT with vibration in the tangential and feed direction 

are demonstrated in Fignre 4.10a and Fignre 4.10b, respectively. The vibration 

amplitude is intensified in the concentrator and transmitted to the tool holder at the 

thin end of the concentrator. Resultant vibration of the cutting tip fixed in the tool 

holder usually reaches 15 /-tm (i.e. 30 /-tm peak-to-peak) at a frequency of about 20 

kHz; however, the exact vibration amplitude depends on the tool holder shape and 

material (titanium, aluminium or stainless steel) and ranged in different tests from 20 

to 40 /-tm peak-to-peak. This level of vibration is comparable with levels used by 

other researchers [97, 108, 109]. Vibration is measured by a laser vibrometer 

(Poly tee OFV-300J), and the signal is processed by a phase shifter, limiter and band 

pass filter to form an autoresonant control [110]. These devices are controlled by a 



Chapter 4. Ultrasonic machining 70 

Figure 4.10 Experimental setup for UAT with vibration in tangential (a) and feed Cb) 

directions 

PC, and signal parameters are monitored and recorded. The contro l signal from the 

computer is amplified using a 250 W MOSFET amplifier and fed into the transducer 

via a passive match.ing unit (matchbox). This causes the transducer to vibrate at its 
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resonant frequency. The autoresonant system maintains a self-sustained resonant 

mode of vibration ofthis cutting system during the dynamic changes of the load. 

A range of turning tests has been conducted to compare the use of VAT and CT 

for machining aviation materials. The detailed description of these tests can be found 

in [I], however, the main results are outlined here. Among the materials used in tests 

is Inconel 718 - a high-grade heat-resistant Ni-based superalloy widely used in the 

aerospace industry (described in detail in Chapter 5). This material is very abrasive 

and causes tool blunting and high cutting temperatures when machined 

conventionally. 

The surface quality obtained by turning is one of the crucial factors in metal 

cutting and is extremely sensitive to any changes in the machining process. The 

surface finish of specimens is compared in terms of average roughness measurement 

(Ra) and measurement of roundness (the peak-to-valley measure), using the Taylor 

Hobson - Talysurf 4 surface measurement instrument. The following cutting 

parameters are used to machine tested specimens: depth of cut d = 0.8 mm, feed rate 

s = 0.05 mmlrev, and cutting speed v = 17 mlmin. The same parameters are used for 

both VAT and CT, with superimposed ultrasonic vibration in the feed direction 

applied in the case of VAT. 

Figure 4. I I a shows representative axial profiles of the machined surface of the 

Inconel 718. It is obvious that magnitudes of Ra are reduced by nearly 50 % for 

specimens machined with VAT. Furthermore, the regularity of the surface profile is 

greatly improved, as the surface becomes smoother in the axial direction. A 

considerable improvement is also obtained for roundness of machined workpieces 

(Figure 4. lIb): a peak-to-valley value of roundness measures 4.20 frm for CT, 

whereas it attains only 1.89 frm for VAT. Hence, the roundness is improved by 55% 

when ultrasonic vibration is superimposed upon the movement of the cutting tool. It 

is worth noticing that similar results have been obtained by other researchers [97, 

109] utilising vibration in the tangential direction. Additionally, a squealing noise 

from the tool - workpiece contact during machining of mild steel disappears when 

ultrasonic vibration is applied. 

Apparently, the reason for these improvements is the change of the character of 

the cutting process, which is transformed into the one with multiple-impact high

frequency interaction between the cutting tool and chip due to applied ultrasonic 
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vibration. This leads to changes in material defonnation processes and friction 

forces, and increase in the dynamic stiffness of the lathe-tool-workpiece system [SS, 

106] due to vibration frequency levels considerably exceeding its natural frequency. 
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Figure 4.11 Surface quality ofInconel71S specimens machined with UAT and CT: 

axial surface profiles (a), roundness profiles (b). Cutting parameters: d = O.S mm, s = 

0.05 mm/rev, v= 17 m/min (from [111]) 

According to observations of other researchers [112], the amplitude of ultrasonic 

vibration drops when load is applied to the cutting tip. Hence, it had to be checked 

how the amplitude of ultrasonic vibration changes during turning as compared to the 

no-load operation. Unfortunately, the laser vibrometer could not be used to measure 

the amplitude at turning, since low-frequency high-amplitude vibration, inherent in 
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the cutting process on the lathe, hinders such measurements. Therefore, another 

method is used: the static load equal to the cutting force is applied to the cutting tip; 

such load did not interfere with nonnal operation oflaser vibrometer. The magnitude 

of the applied force is up to 200 N corresponding to the force levels found in the 

experiment (Section 5.6). The amplitude of ultrasonic vibration in no-load operation 

is 40 ~m (peak-to-peak). After application of the maximum static force, the 

amplitude reduced to 32-36 ~m, thus the reduction in the vibration amplitude is less 

than 20% for the highest applied force. Extrapolating this result on the vibration 

amplitudes in the majority of the previous UAT tests with the vibration levels in no

load operation being 30 ~m, it can be concluded that the amplitude of ultrasonic 

vibration is about 24-27 ~m (peak-to-peak), which corresponds to the amplitude of 

26 ~m used in the FE simulations in Chapter 7. 
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Chapter 5 Experimental work 

5.1 Introduction 

Existing experimental studies of U AT could be roughly divided into three main 

groups: (i) optimisation of technological parameters of UAT, such as directions, 

frequencies and amplitudes of vibration, (ii) analyses of cutting forces as compared 

to those ofCT, and (iii) surface profile measurements (see, for example [1, 97,100]). 

However, thermomechanics ofUAT has not yet been experimentally investigated. 

There are a number of important issues to be explored: (i) dynamics of chip 

separation and deformation processes in the material during cutting, (ii) the influence 

of UAT on material's surface structure, and (iii) heat generation during VAT. All 

these features should be compared with those of CT. Therefore, the present 

experimental investigation aims at the comparative analysis of structural and thermal 

processes during CT and UAT and their influence on machined materials. 

Microstructural analysis, nanoindentation tests, high~speed filming of the tool-chip 

interaction zone, and infrared thermography are employed in order to carry out a full

scale study of these processes. Cutting forces are also investigated in order to 

confirm the multifold reduction in cutting forces in UAT as compared to CT. All 

these experiments have been performed on the UA T test rig designed at 

Loughborough University [1]. 

5.2 Material in turning tests: Inconel 718 

Presently, the main area of application for the ultrasonic-supported technology is 

machining of intractable materials used in the aerospace industry. UAT is considered 

as one of the promising and competitive technologies for machining high-strength 

aerospace alloys, namely Ni-, Ti- and Cr- based superalloys. Each of these materials 

requires separate investigation in order to carry out full-scale research of its 

machinabilitywith CT/uAT, as well as of the influence of machining on the material 

microstructure and surface finish. Each material also requires careful formulation of 
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a material model for numerical simulations. This research is concentrated on one of 

the modem aerospace alloys: Inconel 718. 

InconeI 718 is vacuum-melted, precipitation-hardened nickel-chromium alloy. It 

also contains significant amounts of iron, niobium and molybdenum along with 

lesser amounts of aluminium and titanium. Inconel 718 combines corrosion 

resistance and high strength with outstanding weldability including resistance to 

postweld cracking. It is also readily formable. The alloy exhibits excellent resistance 

to creep and stress rupture at temperatures to about 700°C and thus known as heat

resistant. The chemical composition ofInconel 718 is shown in Table 5.1. 

Table 5.1 Chemical composition ofInconel 718 

Ni Cr Fe Mo Nb Ti C 
~-------------- --------------- --------------- --------------- --------------- --------------- --------------
53.7% 18.93 17.2 % 3 % 5.26% 0.97% 0.026% 

Si Mn AI Cu Ta B P 
--------_._---- . __ ._---------- ------_._------ --------------- ._------------- --------------- ---_._--------
0.12 % 0.09% 0.5 % 0.5% 0.3% 0.004% 0.007 % 

S Ca Mg Mn Se Ag Pb 
---- __ -0------- ._-._--._------ ._------------- ----_._-------- --------------- --------------- ---_._--------
<0.001 % <0.001 % <0.001 % 4.1 ppm <3ppm <O.lppm 0.1 ppm 

While this material has been used for decades, there is little data available on its 

thermomechanical behaviour at high strain rates and elevated temperatures. Some 

parameters, for example, contact heat conduction and friction properties that are 

important for machining or superelasticity at high temperatures, are not freely 

available. The data shown below is a result of timely literature survey and includes 

all known to the author sources of relevant information to date. 

5.2.1 Applications of Inconel 718 

Inconel 718 has a broad range of applications, such as in space shuttle and aircraft 

engines, nuclear reactors and pumps. In the following paragraphs examples of the 

typical Inconel 718 applications will be given. 

Inconel 718 is used as a structural material for a variety of components in the 

main engine of the space shuttle and accounts for more than half of the total weight 

of this engine. The components of the space shuttle main engine are subjected to 
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start-up and shutdown transient loads and occasional overloads in addition to high

frequency vibratory loads from routine operation. 

Inconel 718 is also used in the blade containment system of the turbine aircraft 

engines. This system should possess significant strength to withstand high-velocity 

impact and prevent blade penetration in case of blade failure during engine operation. 

Due to a high level of temperatures in turbines, it is necessary to utilise heat-resistant 

alloys, and Inconel 718 is an ideal candidate for this application, as it possesses 

excellent properties at elevated temperatures. Ballistic penetration behaviour of 

Inconel 718 is studied in [113]. 

5.2.2 Properties of Inconel 718 

Inconel 718 is classified as difficult-to-machine material due to its high shear 

strength, strong work hardening, highly abrasive carbide particles in the 

microstructure causing premature wear of the cutting edges, tendency to form built

up edge and low thermal conductivity leading to very high temperatures in the 

cutting region. Inconel 718 also tends to maintain its high strength at high 

temperatures generated during machining. This material is therefore extremely 

difficult to machine with existing technologies and cutting edges. Machinability of 

Inconel 718 is studied in many papers, for example [114, 115]. 

The type of heat treatment affects the deformation behaviour of Inconel 718 that 

changes dramatically its stress - strain relation. In [116] large differences in static 

properties were found between the annealed and aged material. Annealed Inconel 

718 possesses lower strength and hardness, as well as greater elongation before 

failure than the aged material (Figure 5.1). 

Behaviour of materials at very high strain rates that can be attained in machining 

(up to 105 
S-I for cutting and vibration parameters considered in the current work) is 

usually analysed by means of impact tests. Among these are standard Charpy impact 

tests, split Hopkinson bar tests [113], as well as ballistic penetration tests with gas 

gun facility [116,117]. Strain-rate sensitivity ofInconel718 was also studied with a 

high-speed tensile tester [118], however, maximum values of strain rate obtained in 

their experiment were low: i: 5500 l/s. 
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Figure 5.1 Effect of heat treatment on the room temperature tensile behaviour of In-

718 specimens (from [116]) 

Traditional experimental techniques allow to observe deformation behaviour of 

the materials at strain rates below 104 
S-I. For numerical simulations of machining 

this data is usually extrapolated. Figure 5.2 shows the deformation behaviour of 

Inconel 718 at high strain rates as obtained from experiments at split Hopkinson bar 

[113]. Stresses reached for the annealed material are about 1000 MPa lower than 

those for the aged material in the quasistatic mode, but this difference decreases at 

high strain rates due to the greater hardening of the annealed material. For the 

annealed material, stresses increase monotonely at all studied strain rates. On the 

contrary, for the aged material, complex non-monotone behaviour at high strain rates 

is observed, however, still with a general trend of higher stresses obtained at higher 

strain rates. 

Analysis of the failure mechanisms ofInconel 718 at high strain rates with impact 

gas gun [116] showed failure resulted from the adiabatic shear. Localized bands of 

large shear deformations were found both in annealed and aged materials, and 

microhardness measurements indicated an increase in hardness in these bands 

compared to the surrounding material. These shear bands were more localized in the 
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aged material than in the annealed material. Additionally, overall deformation before 

failure was considerably higher for the annealed specimens. 
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Figure 5.2 Effect of heat treatment on the room temperature quasi-static and high

strain-rate compression behaviour of Inconel 718. Also shown is the stress-strain 

behaviour of two material conditions predicted by the lohnson -Cook model for the 

quasi-static case and for a strain rate of2500 S·1 (from [116]). 
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Figure 5.3 Average true stress - true strain curves of Inconel 718 at 22 and 650°C 

for two heat treatments (from Brinkman and Korth [119]) 



Chapter 5. Experimental work 79 

For Inconel 718 being a heat-resistant aHoy, its deformation behaviour does not 

significantly change within the range 22°e - 6500 e (Figure 5.3). The decrease in the 

yield strength of Inconel 718 for 6500e compared to the room temperature is only 

about 20 %. It is worth mentioning that the temperatures obtained during machining 

tests with eT and VAT (see section 5.5) are weH within this range. 

Elevated temperature also influences such parameters of the material 

thermomechanical behaviour as thermal conductivity (K), specific heat (C) and the 

coefficient of thermal expansion a (Figure 5.4). 
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Figure 5.4 Evolution of thermal conductivity (K), specific heat (C) and coefficient of 

thermal expansion (a) with temperature (from [120]) 

5.2.3 Material models for Inconel 718 

There is a range of material models employed for Inconel 718 in different works. 

The Ramberg-Osgood equation is capable of describing the non-linear hardening 

behaviour ofInconel 718: 

(5.1) 

where cP is plastic strain, ay, is initial yield stress, Ky is a coefficient of plastic 

resistance, My is the hardening exponent. Parameters G"yo' Ky, My are determined 

from hardening test results. According to the model, the plastic flow occurs if 
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(J" = (J"y. (For more information about the Ramberg-Osgood equation see [121]). The 

deformation behaviour of annealed Inconel 718 in terms of the Ramberg-Osgood 

relation is described in [120] and used in the numerical model of cutting described in 

Chapter 6. However, the Ramberg-Osgood law does not have a direct account for the 

effect of high strain rates and elevated temperatures on the material deformation 

behaviour. 

Another model for Inconel 718 - the Cowper-Symonds equation - is suggested in 

[117]. This model describes Inconel 718 behaviour under dynamic loads and high 

strain rate. The Cowper-Symonds equation correlates the yield strength (J"y to the 

dynamic yield strength (J"d' obtained from dynamic experiments with high strain 

rates: 

(J"d = I + .!!...-
( 

• )"

P 

(J"y D' 

where D and p are material constants. The following values for these material 

constants were found in [117]: D=20 S·I and p=15. However, strain rates 

considered were only some 500 S·I and heat treatment ofInconel 718, though crucial 

for material behaviour, was not mentioned. 

Another model for Inconel 718 was proposed in [116]. The Johnson-Cook model 

accounts for strain-rate sensitivity as well as for high temperature softening of the 

material, and it is frequently used for numerical (FE) modelling of material 

behaviour during machining: 

(5.2) 

where T' = (T-Too)/(Tm,,, -Too), cp is a plastic strain rate, Co is an initial strain rate 

equal to unity, Too and T melt are room and melting temperatures, respectively. 

Material parameters A, B, nand C are derived from dynamic tests. In [116] the 

following values of these coefficients were found: for the annealed material A = 400 

MPa, B = 1798 MPa, n = 0.9143 and C = 0.0312, and for the aged material A = 1350 

MPa, B = 1139 MPa, n = 0.6522 and C = 0.0134. The latter values are used in the 

numerical model ofUAT and CT for the aged Inconel 718 described in Chapter 7. 
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In the case of machining, the yield strength should be restricted with ultimate 

tensile strength (UTS) of Inconel 718, so that to prevent anomalously high stress 

levels at high values of plastic strains of the order of unity, reached in machining. 

Analytical models of rate-dependent flow surface for Inconel 718 are also 

discussed in [122]. 

5.3 High-speed photography experiments 

Direct observations of the tool-workpiece interaction zone can be very useful to 

gain an understanding of mechanics of the ultrasonic cutting process. They can give 

invaluable insight into the process of chip formation and its specific features, such as 

chip separation mechanisms, shear angle, affected material layers, as well as chip 

cracking and breakage processes. Additional information can be obtained on cutting 

tool vibrations, either superimposed intentionally, as in case of UAT, or forced and 

self-excited, inherent in eT (chatter). 

But such observations are very difficult to implement due to a number of reasons. 

A small area of the process region (about several millimetres squared) and low 

vibration amplitudes require high-quality telescopic lenses or special microscopic 

attachments to be used to zoom into the cutting tool - workpiece interaction region 

with a decent magnification. An intrinsic limitation is the opaque nature of machined 

metallic materials and used cutting edges, preventing observation of the most 

interesting processes at the cutter - workpiece interface. 

Another difficulty is that the high speed of the processes determined by cutting 

and vibration speeds necessitates the use of high-speed photography equipment. In 

the particular case ofUAT, with high-frequency ultrasonic vibration of some 20 kHz, 

the desirable rate of continuous filming should be about 100,000 frames/sec, in order 

to study a single cycle of ultrasonic vibration. This, in turn, requires extremely short 

exposure times and fast data storage devices. This limitation has been recently 

eliminated with the invention of modem high-speed (HS) photography equipment. 

5.3.1 Instrumentation 
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Figure 5.5 shows an experimental arrangement for ultrasonic turning filming. A 

high-speed digi tal camera (Kodak Ektapro HS Motion Analyzer, model 4540) is 

employed for the experiments. The camera is mounted on a lathe by a specially 

designed holder, enabling the distance to the filmed region to be adjusted. The tool

workpiece interaction zone is illumi.nated by a laser beam supplied form a high

power laser ( kW copper vapour laser LS-20-50, manufactured by Oxford Lasers 

Ltd. , Abingdon, UK). The laser pulses are synchronized with the camera operation so 

that to provide maximum illumination during each subsequent frame exposure time: 

as exposure time is ex tTemely short, it requires bright illumination of the object. The 

laser beam is delivered into the cutting region via the fibre-optic cable. The limited 

size of the camera memory allows storing only short fragments of about I s of the 

I'roccss monitoring 
eq uipment 

US camera 

Ultrasonic 
transducer 

Figure 5.5 An experimental arrangement for the HS photography experiments 

cutting process. Although the maximal fi lming rate of the Kodak 4540 camera is 

40,000 frames/sec, the speeds more than 27,000 frames/s cannot be used, due to the 

limitation caused by required synchronisation with the laser. The data stored in the 

camera memory is then transferred either onto the VCR tape or the hard drive of a 

PC. The recorded image is also observed in real time on the TV monitors. A high-
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pressure air supply is used to eliminate the metal dust and to remove the chip from 

the field of view, in order to get a clearer image of the otherwise obscure cutting 

region. The ultrasonic vibration turning system used for the experiment is specified 

in Section 4.2.4. The amplitude of ultrasonic vibration is monitored with the laser 

vibrometer in the no-load operation mode, and then adjusted with a phase-shifter of 

the autoresonant control system. 

5.3.2 Experimental procedure 

The filming is conducted for two materials: PMMA (polymethylmethacrylate) and 

mild steel. PM MA is chosen because it is transparent and easy to machine. It is 

believed that experiments on PMMA can give the necessary experience for the 

subsequent experimentation on metallic materials. Round bars 50 mm in diameter are 

employed for these experiments. 

The next stage are experiments on mild steel. This material is also quite easy to 

machine, although it possesses metal properties, e.g. it is opaque and has 

polycrystalline grain structure. Round bars of diameter 35 mm are utilised for the 

experiments. 

PMMAfilming 

The position of the high-speed digital camera for this part of the experiment is 

shown in Figure 5.5 and Figure 5.7. The observation is done in direction I in Figure 

5.6. The dimensions of the region being filmed are about 1.2 x 2.0 mm. Ultrasonic 

vibration (f '" 20 kHz, a '" 20 - 30 Ilm) is applied in the tangential direction. The 

depth of cut and feed rate are kept constant throughout the experiments: d = 1 mm, s 

= 0.16 mm/rev. 

The first cut is made with rotational speed n= 40 rev/min by CT with the filming 

speed of 9000 frames/sec. Thereupon, the ultrasonic vibration is switched on, and 

several cuts are made under the same cutting conditions with UA T. The filming 

speed is 9000, 18000 and 27000 frames/sec. In practice, 18,000 and 27,000 frames/s 

speeds do not provide much additional information compared to 9,000 frames/sec. 

Most of the tests are therefore performed with the latter speed. Although the 

frequency of vibration is in this case higher than the frequency of filming, the 

vibration of the cutter is still visible in the images due to the stroboscopic effect. In 
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order to observe dynamics of tbe cutting process within a single cycle of ultrasonic 

vibration, a significantly higher filming speed (about lOs frames/s) and better lenses 

allowing higher magni fication are required. 

The same procedure is repeated for rotational speeds of 125, 260 and 540 rev/min 

witb the filming speed of 9000 frames/sec and for different lighting conditions. 

x 

Figure 5.6 Relative position of tbe workpiece and cutting tool 

Mild steeljilming 

The experiments are continued on mild steel. The size of tbe image region is 

1.5 x 25 mm, and the same cutting conditions are kept: d= I mm, s= 0.16 mmlrev, 

n=40 rev/min. UA T and CT cutting processes are recorded with tbe filming speed of 

9000 frames/sec. 

Thereafter, the camera is repositioned and mounted on the cross-slide of the lathe 

(the observation is performed in direction 11 in Figure 5.6). In such a position, the 

camera is moving together with the cross-slide during the run, staying al l the time 

focused on the cutter - workpiece interaction region. No refocusing of the camera for 

each run is needed for such mounting, and it is therefore considerably more 

convenient than fIXing the camera to the immovable parts of the lathe as described 

above. The filming is conducted at a different angle - nearly along the axis of the 

workpiece (Figure 5.8) - but for the same cutting parameters and for both UA T and 

CT cutting procedures. 
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Figure 5.7 A close-up view of the camera-workpiece region 

Figure 5.8 Position of the camera in the second part of the experiment 
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5.3.3 Experimental results and discussion 

Significant differences between ultraso nic and conventional processes are 

observed for both PM MA and mild steel. The di stinction is most noti ceable for low 

rotational speed (17= 40 rev/min) and becomes less ev ident for higher cutting speeds, 

practi call y undetectable for rotational speeds greater than 17= 125 rev/min. This fact 

can be explained by exceeding the critica l cutting speed limit (see Section 4.2. 1) for 

higher rotation speeds. 

TIle di fferences between ultrasonic and conventional technology are observed in 

the chip separation process, namely the size and shape of the process zone, and the 

type of chip produced. Figure 5.9a and Figure 5.9b show frames from HS video 

recording of CT and UAT, respecti vely. The cutting tool, interacting with the 

Figure 5.9 Frames from high-speed filming o f eT (a) and UA T (b) of mild steel 
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workpiece and separating a chi p, is seen in the images; continuous video recording 

can a lso allow estimating the visible size of the process zone, unclea r in single 

frames. For studied cutting conditions, the chip, fonned in eT of mild steel, is 

segmented. Periodic fo rmation of materi a l segments is seen in the fragments of HS 

video recording. The segments are torn from the workpiece and slip along the shear 

plane, with visible levels of defonn at ion between segments being considerably 

higher than within each segment. Such step-li ke chip fOlmation is part icularl y well 

observed from the fi rst pos ition of the camera (Figure 5.5) allowing materi al removal 

in the feed direction to be seen. Higher reso lution images are also obtained in the HS 

photography tests with a di fferent video camera (Phantom HS camera manufactured 

by Vision research Inc., USA). A fTa me from HS filming of UAT of mild steel 

perfo mled with that camera is shown in Figure 5. I O. 

Figure 5.10 A frame from HS filming ofUAT of mild steel 

Switching on the ultraso nic vibration drasti ca ll y changes the tool- chip interaction 

and the process of chip fonnat ion. There are no more segments or steps in chip 

fonn ation, instead, continuous materi al separation in fro nt of the cutter and slipping 

of the materi al along the shear pl ane with each impact of the cutting tool are 

observed. The process of UAT appear as the one with completely different nature of 
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material separation and defonnation. The material, separated from a work piece, 

looks as considerabl y more plastici zed, i.e. experiencing higher levels of plastic 

defonnation happening throughout the chip volumes. The chip formed in UA T ri ses 

nearl y in the rad ial direction very close to the cutting tool surface in the recorded 

frame (Figure 5.9b), whereas the chip in eT shifts much further from the cutting tool, 

leading to a more curled chip. This is in good agreement with a subsequent 

macroscopic chip analysis, indicating the chip radius of curvature being several times 

greater for UAT than for eT for these cutting conditions. 

Differences between two cutting techniques are also observed in shapes as well as 

in sizes and areas of the process zones. Figure 5.11 and Figure 5. 12 show the shape 

of the visible process zone for eT and UAT of PMMA and mild steel respecti vely 

(as being monitored) . The area of the visib le process zone for UAT and its width in 
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Figure 5. 11 Shape of process zones for e T (a) and UAT (b) of PM MA 
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Figure 5.12 Shape of process zones for eT Ca) and UA T (b) of mild steel 
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the radial direction are considerably smaller than those for CT. Defonnat ion 

processes fo r the ultrasonic process are loca li zed in the direct vicinity of the cutting 

edge along the sur face of the workpiece and are not observed underneath the 

clearance face of the tool at the newly formed surface layer, in contrast to the CT 

process. 

5.3.4 Overview of different HS photography trials and 

outlook 

HS photography was also attempted with a Kodak Megaplus camera (model 

ES. I.O), producing high quality pictures (single frames). The resolution of the images 

was considerab ly better than those of the video camera. The images were plan ned to 

take at a regular intervals during a single cycle of ultrasonic vibration, so that to have 

infonnation abo ut important changes in the chip fonnation and processes in the 

cutting zone during the cycle. The experiment required a triggering signal fonn the 

ultrasonic contro l system, indicating a certain moment in the cycle of vib ration . The 

camera also needed synchronising with the laser, for the laser to illuminate the 

cutting region at the moments when images were being taken. The experiment , 

however, did not produce any usable results. The fo llowing problems arose during 

the tria l experiment: (i) higher specification lenses needed to zoom into the small 

region of several millimetres in diameter, and it was not possible to focus properl y 

with the availab le lenses; (ii) refl ections from the surface of the Inconel 7 18 

workpiece were too bright and necess itated either use of lenses with anti-re fl ective 

coating, special directing of the laser beam to avo id the refl ections, or use of non

refl ecti ve materials. 

The HS equipment develops very dynamicall y, and it is believed that in the 

nearest future some even more insightful experiments can be performed on the basis 

of the tests described in thi s section. It would be of interest to ca rry out the 

experiments with higher magnification lenses to resolve smaller detail s of the chip 

forma tion mechanisms. Recently, the HS cameras have become commerciall y 

available with higher fi lming rate of about 10s frames/s; such cameras would allow 

observation of different stages of the cycle of ultraso nic vibration, what would 

provide a valuable insight into the UAT cutting process. High-speed filming of 

Inconel 7 18 would also be of significant interest, in order to ensure that the main 
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features of the chip fonnation mechanism in UAT of Inconel 7 18 are the same as 

those observed in machining mild steel. 

5.4 Analyses of microstructure of machined materials 

5.4.1 Microscopy analyses of the surface structure 

Introduction 

The study of the materi al microstructure helps to reveal specific fea tures of the 

defonnational and thermal processes in the workpiece material resulted from 

different matelial treatment, namely CT and UAT, and thus allows better 

understanding of the micromechanics of these machining technologies. Changes in 

the alloy grain structure refl ect matelia l hardening and residual stTesses induced to 

the workpiece material during the machining procedure. These changes can be 

observed with different optical techniques, such as light microscopy, SEM (scanning 

electron microscopy), TEM (transmiss ion electron microscopy) and measured 

quantitati vely with vari ous indentation techniques, such as nanoindentation tests. 

Width and hardness of hardened surface layers are evaluated in these experiments, 

thus providing detailed information on the influence of machining on the surface 

structure of the machined material. 

All experiments described in thi s section are conducted on so lution-treated and 

aged Inconel 7 18 rods (D = 45 mm). 

Initial experimentation 

The aim of initial experiments is to investigate potential rad ial changes in the 

materi al's grain structure. A 20 mm-long piece is cut off from an Inconel rod (the rod 

was in the deli very state) . The face is polished and etched, and then the gram 

structure is observed employing a "Nikon Optiphot" metallurgical l1licroscope. 

The results of the microscopy analysis show that the grain structure in the cenh-e 

of the cross-section and at the outer edge is different (Figure 5. 13)_ Grains found in 

the areas of the cross-section di stant from the outer edge are some three times larger 

than those in the outer layer. The transition between the areas with "big" and "small" 

grain sizes is not gradual, but an evident boundary between the areas with different 

grain sizes has been fo und about 400 flm from the surface of the workpiece (Figure 
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5. 14). Such a sharp transition can only be attributed to initial material shaping 

Figure 5.13 Grain structure of the Inconel 7 18: in the centre of the cross-section 

(left) and at the outer edge (right) 

100fdn 

Figure 5.1 4 A boundary between the areas with different grain structure (lnconel 

718)] 
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processes, nam ely machining of the workpieces prior to deli very. The surface layer 

with smaller grain size is obviously a hardened layer, i.e. the layer of the materia l 

that has been affected by thennal and deformation processes during machining. 

Work piece prep aration and processing 

In order to eliminate the effects of initial (manufacturing) materi al processing, the 

Inconel rod of 45 mm diameter is turned down to 33 mm by e T (n = 160 rev/min, s = 

0. 11 mm/rev, d=0 .5 mm). 

Subsequentl y, the workpiece is turned down to 30.5 mm diameter by eT with 

slow rotational speed (n = 40 rev/min or cutting speed Vc = 60 mm/s, s = 0.03 

mm/rev, d = 0.3 mm) to eliminate the potential influence of high temperature during 

the previous turning operation on the materi al surface structure. 

Finall y, two cuts with very small depth of cut are performed (/1 = 40 rev/min, s = 

0.03 mm/rev, d = 0. 1 mm). The first cut is made with the application of ultrasonic 

vibration in the ta ngential direction, and as soon as the tool had traversed 10 mm the 

vibration is switched off thus a llowing the second cut to proceed under the same 

cutting conditions but without ultraso ni c vibrations. The procedure is repeated fi ve 

times, each ti me starting at the same place. Hence, surfaces machined ultrasonicall y 

and conventionall y under the same cutting conditions for 0.5 mm (S*d = 0.5 mm) of 

depth are obtained. 

The pieces of the workpiece containi ng surfaces obtained by e T and UA T are cut 

off, and then potted into plasti c (epoxy res in) . The faces of the specimens are 

poli shed and etched (utili sing stainless-steel etchant ASTM E407). After that the 

mould next to the machined surface is broken in order to obtain a better picture of the 

surface layers otherwise obscured by the products of etching coming out of the gap 

between the plasti c and metal. Having made these preparations, surface layers of 

Inconel 7 18 directl y under the machined surface are observed with SEM and light 

mlcroscopy. 

Experimental results and discussion 

Figure S. ISa and Figure S. ISb show characteri sti c micrographs of the surface 

layers of Inconel 7 18 machined with e T and UA T respecti vely as obtained from 

light microscopy tests. A hardened surface layer (measuring some 15 flm thick) is 
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observed for the surface machined with UA T. This deformation zone manifests in the 

alignment of tbe grain boundaries along the preferred direction. This direction 

indicates orientation of residual deformation. It is worth noticing that we consider 

here that precipitates (here seen as black lines in micrographs) are aligned along 

grain boundaries. 

Figure 5.15 Light microscopy of the surfaee layers of lneonel 718 after eT (a) 

andUAT(b) 
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By contrast, there are no visible alterati ons in the grain structure o f the surface 

layers for the wo rkpiece machined with CT. No deformati on or alignment of grain 

boundari es can be seen form the CT micrographs: the gra in boundari es are randoml y 

ori ented in all regions of the specimen up to its edge. Because o f the mounting and 

etching procedure, the water is coming out of the gap between the metal part and 

mould, and the edge o f the metal workpiece is not sharp due to this phenomenon. 

Still , even though the image is slightl y unclear in thi s edge area, no visible 

deformatio n at the surface can be observed. Hav ing said that, in case of insignificant 

compressive res idual stresses in the surface layer, no defomlati on w ill be seen either. 

Following the li ght microscopy tests, the sam e specimens are examined with SEM 

in order to retri eve more detail ed infonnation about microstructure of the machined 

workpieces. The results o f the SEM tests are in good agreement with the light

mi croscopy results. 

Figure 5. 16 shows a characteri sti c micrograph o f the surface layers of Incone l 7 18 

machined with UAT as obtained from SEM tests. A layer with different etching 

behaviour (most likely co rresponding to the region of high deformation) o f about 30 

to 40 pm can be observed . A close-up o f this layer (F igu re 5. 17) demonstrates that it 

Figure 5.16 SEM of the surface layers of lnconel 7 18 aft er UAT 

compnses two parts. The first part is a thin surface layer o f about 10 pm : no 

alignment of precipitates and, in fact, no grain boundaries can be seen in this highl y 
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deformed layer. Deeper into the material, the second part is di scovered (some 20 ~lIn 

thick): it is characteri sed by the alignment of grain boundaries in one preferred 

direction corresponding to the direction of deformation. Here aga in it is considered 

that precipitates most likely coincide with grain boundaries . The high degree of 

defon11 ation destroys such a lignment of precipitates in the first part of the layer. 

Figure S.l7 A close-up of the layer with different etching behaviour for the UAT

machined specimen 

In the SEM analysis of CT-machined speCimens, there are no visible changes 

(Figure 5.1 8) of the microstructure of the machined surface layers: as in the case of 

the light-microscopy tests the grain boundari es are randomly ori ented throughout the 

entire specimen, thus indicating no changes in the microstructure due to machining. 

However, a very thin layer (about 3 fll11) with different etching behaviour can be seen 

in Figure 5.18, apparently indicati ng high deformation in this area. The thickness of 

thi s layer is some 10 times smaller than that of the layer found in the UAT-machined 

specimen. 

The observed phenomena are a clear indication of the di fferences in thermal and 

defonnation processes between UA T and e T procedures and their subsequent 

influence on the microstructure of the surface layers of the machined workpieces. 

Nevertheless, a final conclusion on the changes in the materi al microstructure due to 

different machining procedures cannot be drawn onl y from the observations of 
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microstructure, as it is possible that actual sizes of the hardened surface layers are 

greater than those detectable through different microscopy techniques. (It is worth 

noticing, though, that if there is some defoI111ation undetectable by the used 

techniques, it does not influence the o ri entation of precipitates and gra in boundari es 

in the microstructure of the machined workpieces.) Therefore, the nex t logical stage 

of experimental investigation is a quantitative analysis of mechanical properties of 

the machined surfaces. Nanoindentation tests are employed for thi s quantitative 

comparison of the effect of eT and UA T on microstructure of the machined 

workpieces (see Section 5.4.3). 

Figure 5.18 SEM of the surface layers oflnconel 718 after eT (2 examples) 
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5.4.2 Chips: un magnified observations, light microscopy 

and SEM analysis 

Detai led info rmation on the chip shapes and external/internal structure can 

provide an inva luabl e insight into specific features of the cutting process during 

turning. Parti cularl y precious information on the speci fi c features of the turning 

process can be obtained via analysis of the chip cross-sect ions. This in foonation 

includes shear angle, chip foonation mechanisms and segmentation degree, materia l 

defornlation features and change in the gra in structure. This data can be used to study 

and compare mechanics of various turning procedures and define the proper chip 

formation mechanisms for an input to the FE model. Such experimental data can also 

be used to verify the results of the numeri ca l modelling and enable the creation of a 

reali sti c FE model of the chip foonat ion refl ecting better the complex ities of the 

cutting process. 

Light microscopy and SEM have been used for a study of the ex ternal s tructure 

and cross-sectional analysis of chips produced during CT and UA T. The 

experimental procedure together with results and di scussion of the observations are 

described in thi s section. 

Preparation procedure 

The chips produced during CT and UA T tests under different cutting conditions 

are collected fo r fu rther investi gation. The various cutting conditions used during 

turning are shown in Table 5.2 . The chip structure is then analysed with an unaided 

eye as well as with microscopy techniques. 

Table 5.2 Cutting conditions in turning tests for chip analyses 

Workpiece Depth 0 f cut d, Cutting speed Feed rate s , Diameter of 

materi al mm 11, rev/min mm/rev the workpiece 

D, mm 

Mild steel I 40 0.1 6 30 

0. 1 40 0.2 50 

Inconel 7 18 0. 1, 0.2 40,85, 125 0.D3, 0.05, 0.1 40 

0.3 32 0.28 40 
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Unmagnified observations 

In the turning experim ents, the runs usuall y are started with a non-vibrating 

cutting tip, thus implementing a CT procedure. The chips produced at thi s stage are 

di sconti nuous fo r a range of cutting conditions and various tested materi als (PM MA 

and mild steel). A drastic change occurs when ult rasonic vibration is switched on. If 

the chip fornlation is discontinuous, it nearl y immedi ately transfonns into 

continuous, producing very long chips, typicall y several decimetres long. The radius 

of curvature of the chip R usually changes too when ultrasonic vibration switched on. 

The radius of curvature R depends on a wide range of parameters, such as cutting 

speed, feed rate, cutter geometry and use of lubli cation. These factors compl icate the 

consistent compari son of R between CT and UA T. Additionall y, precise 

measurements of R are diffi cult because of the essenti all y three·dimensional 

geometry of the chip and its small dimensions (fractions of mill imetre in many 

cases). 

The chips are assumed to have an idea l heli cal shape (an example of the helical chip 

produced during turning tests is shown in Figure 5.19). As it is known from 

Figure 5.19 A fragment of the chip produced during the turning tests with mild steel 

mathematics, for a helix with a path confined to a circular cylinder of radius rc, its 

radius of curvature R (whi ch is constant) can be ca lculated as fo llows: 
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where fJ is the angle of ascension, that is the angle made by the heli ca l path wi th a 

plane that is orthogonal to the length of the cylinder. Hence, the va lue of R is 

calculated by the measured values of the di ameter of the chip and its angle of 

ascensIon. 

For some combi nati ons of cutting parameters, the di fference between radius of 

curvature R between CT and UA T is insignifi cant, with somewhat bigger va lues of R 

for UA T produced chips. However, in most o f cases studied superimpos ition o f 

ultrasonic vibration considerably influences the R-va lue, and some general 

tendencies were noti ced. Typica lly, for dry tuming conditions the difference between 

CT and UA T produced chips is mostl y noticeable, with higher values of r, and the 

angle of ascension fJ, resulting in the ratio R UAT / Rn being from about 1.25 to 2. 

Applicati on o f lubricati on to the cutting region decreases the va lue o f the radius o f 

curvature R 1.5 - 2 times. Nevertheless, for lubri cated cutting conditions the va lue of 

R is usually onl y insignifi cantl y greater for UAT produced chips. An example case 

study, illustrating thi s kind o f rel ationship, is shown in Table 5.3 . In thi s case study, 

the following cutting conditions in turning Inconel 7 18 are used: d = 0.2 mm, 11 = 40 

rev/min, s = 0.03 mm/rev. 

Table 5.3 Radii of curvature of chips produced during eT and UA T in dry and 

lubricated conditions 

eT (Dry) UAT (Dry) e T (Lubricated) UAT (Lubricated) 

11, mm 3.6 3.7 2 2.5 

The R-value depends also on the type of the lubri cant applied in the cutting 

region. The effect of di fferent lubrication is studied additionally for four various 

lubrication conditions when e T and UAT mild steel (cutting conditions being 11 = 40 

rev/m in, s = 0.2 mm/rev, d = 0. 1 mm). The fo llowing cases are compared: (a) dry 

tuming, (b) water used as lubri cant, (c) silicon lubricant pre-applied to the workpiece 

surface as a very thin layer, and, finall y, (d) commerciall y avail able cutting fluid 

(type HOC), sprayed onto the workpiece. 
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The result, which is noticed consistentl y for both CT and UAT, is a decrease in R 

for lubricated cutting conditions as compared to dry turn ing. The results of the tests 

with different lubricants are shown in Table 5.4. 

Table 5.4 Radii of curvature of chips produced during UAT fo r vario us lubrication 

conditions 

Materi al: mild Dry turning Water as Silicon Cutting fluid 
steel lubricant lubricant 
Radius o f 5.9 5.5 3.5 5.0 
curvature R, mm 

Examination shows that ultrasoni call y machined chips are more brittle than 

conventionall y machined ones, which witnesses greater degree of work hardening 

that can be attributed to higher strain rates during UA T. 

In addition, vari ous temper colours o f chips produced by two cutting techniques 

indicate the difference in temperatures during the ultrasonic and conventional cutting 

processes, studied in infrared thermograph y experiments (Section 5. 5). 

SEM and light microscopy studies 

SEM analysis is performed with whole samples o f lnconel 7 18 and mild steel 

chips after CT and UA T. Although the microstructure of the chips cannot be studied 

with thi s kind of analysis, some informati on can be revea led on the macros tructural 

features o f the chips and, consequentl y, provide one with more ev idence on 

deformational processes in CT and UA T . 

Chips produced with CT and UAT look similar to an unaided eye. They have 

simi lar heli cal shape and differenti ate onl y by their radius of curvature R (discussed 

above) and smoothness of the edges. SEM observations o f mi ld-steel chips 

demonstrate that chip edges are considerably more serrated in CT (Figure 5.20a) 

compared to relatively smooth edges obtained in UAT (Figu re 5.20b). 

The same observation is valid for lnconel 7 18 chips (Figure 5.2 1). The chip edges 

in UAT are much smoother compared to cracked edges in CT. No other differences 

are revea led with SEM of the whole chip fragments, and ana lys is of the chip 

microstructure is therefore performed. 



Chapter S. Experimental work 101 

Figure 5.20 A mild-steel chip produced in CT (a) and UAT (b) tests 

Figure 5.21 An Inconel 7 18 chip produced in CT (a) and UA T (b) tests 

The di fference between chips obtained in CT and UAT manifests itself in a 

different o ri entation angle of precipitates and various degrees of segmentation. As in 

the case of microscopic analys is of machined work pieces, it is considered that 

precipitates (seen as white lines in micrographs) are aligned along grain boundaries 

(Figure 5.22). Precipitates are lined up along one preferred direction at a certain 

angle to a chip face, different for chips obtained at CT and UA T. This angle shows a 

direction of deformation processes during turning and indicates different shear angles 

in the cutting process for CT and UA T. The shear angle rp can be ca lculated 

according to the following formula : rp = ,,/2 - a + r , where a is the angle between 

preferred orientation of precipitates and chip face and r is the rake angle of the tool. 

The va lue of a for CT is 60° compared to significantly smaller 40° for UAT. Hence, 
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for y = 10° (the value of y depends on the too l geometry and on the inclination angle 

of the ultrasoni c transducer), the shear angle for UAT is about 60° compared to 40° 

for CT. This correlates well wi th a predicted increase in rp due to the improved 

lubri cati on ability of UAT descri bed in Chapter 2 . 

Both chips in Figure 5.22 are continuous, although the degree of segmentation is 

definitely higher for the chip obtained in CT. The back surface of the chip obtained 

in CT is considerab ly more serrated, compared to that obtained in UA T. Thi s is a 

strong manifestation of the signifi cant differences in the chip fonllati on processes 

between CT and UA T. Serrati ons on the backside of the chip obtained in CT (Figure 

5.22a) indicate segmented chip formation during the CT process, which is observed 

in the high-speed fi lming experiments . The backside of the chip obtained when UA T 

(Figure 5.22b) demonstrates only minor serrations refl ecting purely continuous chip 

fonllation with incremental chip growth at each impact of the ultrasonica ll y vibrating 

cutter as opposed to the sliding processes in chip formation when CT. However, no 

shear bands are detected in either of the chips obtained when UAT or CT. It is 

possible that, in order to reveal probable shear band formation and other rel evant 

infon11ation on defonllation nature, a higher magnificati on technique, such as TEM, 

- giving at least 10 times higher reso lution - should be applied. 

Figure 5.22 SEM of Inconel 718 chips obtained in CT (a) and UAT (b) 

A highly defon11ed surface layer, similar to that found in the machined 

workpieces, is found in chips obtained both in CT and UA T. This layer possesses 

different properties compared to the rest of the ch ip and, consequentl y, is affected 

differentl y by the etch ing procedure. The thickness of thi s layer fo r T is about 10 
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J.lm (Figure 5.23a). Unlike the th icker surface layer found in the workpieces 

machined with UAT, the highl y defonned layer in chips obtained at UAT is much 

thinner than that found in chips obtained at CT, with the thickness of onl y about 2 

J.lm, thus requiring qu ite high magnificat ion to detect it (Figure 5.23b). In these 

highl y deformed layers no alignment of precipitates can be seen, apparently because 

the precipitates are randoml y di stributed along the grain boundari es or grain 

refinement occurs due to high deformation levels. The much thinner layer observed 

in the chip obtained in UAT could be explained by the different character of the 

fricti on and thermal processes in UAT, caused by the intermittent contact between 

the ch ip and cutting tool , in contrast to the constant contact in CT. This di fference in 

contact conditions leads to the short er contact times in UAT, and, consequently, 

smaller influence on the structure of surface layers of the chip. 

Figure 5.23 Highl y deformed surface layer in the chips obtai ned in CT (a) and UAT 

(b) (SEM) 

The main defonllation pattenls, i.e. alignment of precipitates and the mean grain 

size, in chips obtained in Cl' and UA T are quite similar and probably demonstrate 

comparable levels of plasti c defonllation in the chip materia l for both techniques 

(Figure 5.24). The smaller di stance between precipitates in the chips compared to 

that in the workpiece material indicates gra in refinement due to higher degree of 

plastic defonnation caused by ex tensive shearing processes in the chips during 

cutting. 
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Figure 5.24 Observation of precipitates in the chips obtained in er (a) and UAT (b) 

(SEM) 

Cross-sections of chip produced by eT and UA T are also analysed with light 

microscopy (Figure 5.25). In addition to the information obtai.ned with SEM tests, 

various colours are observed fo r the chip obtained in CT inside and on the 

boundaries between segments, as well as regular colour changes for the chip obtained 

in UA T. Different colours indicate different degree of deformation. However, grain 

boundaries cannot be revealed with the magnifica tion, which is used in the test, and 

probably they cannot be found with light microscopy in thi s particular case due to the 

small grain size in the chips. 

Figure 5.25 Light microscopy micrographs of the chips obtained in CT (a) and UA T 

(b) (SEM) 

It is worth noticing that grain refinement fowld in the chips should be caused 

purely by deformation processes during turning, and not by the temperature 
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influence. The changes due to high temperature can be expected for Inconel 7 18 in 

the region of 800°C, thus lower temperatures, predicted by FEM and observed in the 

infrared thelmography experiments, are not enough to cause any considerable gra in 

refi nement. 

5.4.3 Nanoindentation tests 

Overview of the nanoindentation technique 

Nanoindentation tests are employed in thi s stud y in order to quanti fy differences 

between microstructures of surface layers of the workpieces treated with CT and 

UAT. 

Nanoi ndentation is similar to conventional hardness testing, but it is perfonned on 

a much smaller scale. Recent improvements in indentation equipment allowed 

accurate measurements of load P down to micro-Newtons (pN) and penetration 

depth h down to nanometres (run). To measure nanomechanica l propel1i es, a very 

small cali brated diamond probe is brought into contact with the sample surface at a 

specified applied load. The diamond probe is either Vickers or Berkovich indenter, 

the tip of which is a four-sided or three-sided pyramid, in contrast to the traditional 

sphere or a cone (a Rockwell indenter) usuall y used for hardness testing. The 

resultant di splacement of thi s sharp diamond pyramid into the surface is monitored 

and di splayed in real time as a function of load. Data is acquired, analysed and stored 

in ASC II format. Since depth reso lution is on the sca le of nanometres, it is poss ible 

to conduct indentation experiments even fo r very small surface areas. Two quantities, 

which can be ex tracted from nanoindentation experiments, are materi a l's hardness 

and its Young's modulus. The hardness, in its turn , can be correlated to the yield 

strength . There is also some research, dedicated to applications of the 

nanoindentation tests to studies of residual stresses and strains in the surface layers of 

the material. However, the influence of the residua l stress on the contact hardness is 

less than 10% of its va lue in the unstressed specimen, so such estimations for the 

residual stress are somewhat dubious [1 23]. (A standard technique, which is utili sed 

for the measurement of res idual s tresses, is an X-ray diffractometry.) 
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Instrumentation 

The tests are performed with the NanoTest Platform (Figure 5.26) made by Micro 

Materi als Ltd, Wrexham, UK. The components o f thi s device are shown in Figure 

5.27. Thi s instrument possesses the fo llowing features: 

• A load is applied by means of a coil and magnet located at the top end of the 

pendulum . 

• The penetration of the probe into the sample is monitored with a sensitive 

capacitive transducer. 

• All instrument calibrations are performed automatica ll y. 

Figure 5.26 NanoTest Platform 

The specification of the range and sensitivity for the di splacement and load is shown 

in Table 5.5 . The Berkovich indenter (Figure 5.28) is used in all the tests. 
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Table 5.5 Speci fi cation of the NanoTest Platfonn 

Displaccment range and sensitivity 

Range 

Noise- floor 

Theoreti ca l reso lution 

Load range and sensitivity 

Maximum resolution 

Load ranges 

XfY /Z resolution/ travel 

Analys is area 

COil----+1I !+----Magnet 

Pivot ------I 

Electro-
Sample 

magnet Indenter 

Figure 5.27 NanoTest Platform des ign 

Nanoindentation data analysis 

0-50 ~lIn 

0.025% of full-scale deflection 

0.04 nm 

better than 100 nN 

up to 0-500 mN 

0.02 mm/50 mm 

50 mm x 50 mm 

Figure 5.28 Berkovich three-faced 

pyramid 

The NanoTest measures the penetration depth of a diamond probe as a function of 

the applied load during a loading-unloading cycle (Figure 5.29). On unloading, the 

elasti c component of the di splacement starts to recover producing a sloped rather 

than hori zontal unloading curve. It is from this slope that the elasti c properties can be 

derived. The hardness is derived from the residual depth of the unloading curve as 

described below. 
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h c(1) plastic de pth 

h c(2) from the tange nt 
at Pmax 

Load 

Figure 5.29 Plasti c depth determination in nanoindentatio n 
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After frame compliance correction, the depth versus load unloading data is fitted 

to a power law function of the fO lln . 

( )'" P = a h - h, , 

where Go, hr and 11/ are constants. The true contact depth o f the diamond probe is 

detennined from the expression: 

h = h -ESP c max ma,,( , 

where h",,, is the max imum penetratio n depth, r-;"" is the max imum load, S is the 

contact compliance equal to the tangent at the max imum load, and E is a coeffi cient 

that depends on the indenter geometry. 

Hardness If is detennined from the peak load and projected indentation area, A: 

H = P I A. max 

To obtain the Young's modulus, the unloading portion of the depth-load curve is 

analysed according to the following relati on: 

S = n O'> I (2E,Ao.S ) , 

where E, is the reduced modulus defined by 

(5. 1 ) 
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Here E, and v, are the Young's modulus and Poisson's ratio fo r the sample, 

respectively, and E; and v; are those for the indenter (E; = 1141 GPa and 

1/; = 0.07 ). 

Specimen preparation and experimental procedure 

Workpieces of Inconel 7 18 machined with CT and UAT with vibration in the 

tangential direction are examined in the tests. Ln order to prepare a specimen fo r the 

nanoindentation analysis, workpiece samples are placed facing each other and potted 

into epoxy resin as it is shown in Figure 5.30. Then the produced specimen is 

Figure 5.30 A specimen used in 

nanoindentation tests: Inconel samples placed 

face-to-face and mounted into epoxy resin 

. . . . . . 

. . . . . . 

. . 
• 

Figure 5.31 A photograph of the 

indentation points made with 

metallurgica l microscope 

po li shed and mounted into the NanoTest machine. The tests are carried out in an 

automatic mode with a total duration of two days. There are three runs A, B, and C, 

parallel to each other (vertical in Figure 5.32). Each of the lines A, B and C goes 

from the conventionall y machined part of the specimen, crosses a thin separating 

layer of plasti c between samples and then goes through the workpiece sample 

machined with UAT. Each run consists of three parts: coarsely placed indents 

(distance 50 Iill1 between two neighbouring indentation points) in the regions distant 
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from machined surfaces and finely placed indents (10 fim between two neighbouring 

indentation points) in the direct vicinity of the machined surfaces (Figure 5.31). 

T: 
SOJ.lm xl0 • 

Conventional 

• 
10 I-lm x60 ;: __ ...;.-__ ~ Plastic 

Ultrasonic 

B C 

Figure 5.32 A diagram ofthe indentation points produced in nanoindentation tests 

Each indentation point was produced with a constant load of about 10 mN applied 

to the probe tip. The difference in the residual depth of the crater produced with the 

probe is automatically recalculated into hardness and the Young's modulus of the 

corresponding indentation place as it is shown above. The complete data for these 

tests can be found in Appendix 1. 

Results of the test and discussion 

The following analysis is made for the indentation points along lines A,B and C, 

and the results for all three lines are consistent and show similar values for hardness 

and the Young's modulus in the corresponding places of the specimen. 

Plotting hardness versus the indentation point number along line B, which is in the 

middle between lines A and C, the following graph is obtained (Figure 5.33). In the 

graph the area with significantly low hardness evidently corresponds to the layer of 

plastic between alloy samples. 
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Figure 5.33 Measurements of hardness along line B 

As mechanical properties of the plastic are out ofthe scope of the experiment, this 

graph can be replotted in the way it is presented in Figure 5.34 to compare hardness 

of the surface layers for aHoy samples depending on the distance from the machined 

surface for two cutting processes. 

40 

30 -
III 
a. 
C) 

VI 
VI 20 QI 
C 

"E 
III 

:I: 10 

o 

-+- Ultrasonic 

--Ill- Conventional 

50 100 150 200 

Distance from the surface, J.lm 

Figure 5.34 Comparative nanoindentation analyses of surface layers of Inconel 718 

after ultrasonic and conventional turning 
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The scatter in hardness values, i.e. peaks/troughs found in the graph for both CT 

and VAT machined surfaces, can be explained by a combination of the following 

factors: (I) mechanical vibration of the testing machine, (2) roughness of the 

polished surface, and, finally, (3) indenting the microdefect, second phase / 

precipitate or carbides/nitrides. The mean values of hardness are therefore taken into 

consideration. 

As it can be concluded from Figure 5.34, the hardened surface layer is observed 

for both treatments of the workpiece material (ultrasonic and conventional), 

however, the hardness of this layer and its width is significantly different for CT and 

VAT machined surfaces. 

The comparative analysis of the hardened surface layer for CT and VAT was 

perfonned for. all three lines A, B, and C. According to the results of this analysis 

(Table 5.6), the average width of this layer is 70 % higher for the conventionally 

machined specimen than for the ultrasonically machined one (85 J.lm and 50 J.lm, 

respectively). This result shows that the actual width of the hardened layer is greater 

than its visible value, observed with light microscopy and SEM. 

Furthennore, the average hardness of the hardened surface layer for VAT (about 

15 OPa) is about 60 % of that for CT (25 OPa) and considerably closer to the 

hardness of the untreated material (6.2 OPa). This indicates differences in thennal, 

defonnation and chip formation processes between CT and VAT. It can be concluded 

that the VAT procedure is significantly more delicate to the machined material. 

Table 5.6 Characteristics of the hardened surface layer for CT and VAT 

Line VAT eT Non-treated 

Hardness, Width, J.lm Hardness, Width, J.lm Hardness, 

OPa OPa OPa 

A 13.9 55-60 25.3 80-90 6.1 

B 15.6 40-50 25.2 80-90 6.3 

C 16.7 40-50 24.2 80-90 6.2 

Average value 15.4 50 24.9 85 6.2 
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In order to further analyse differences in the structure of the surface layers for eT 

and UAT, the X-ray diffi-actometry tests could be suggested. These tests would allow 

to compare values of the residual stresses in surface layers, as well as if the residual 

stresses/strains are tensile or compressive. 

The Young's modulus of the material can be also deducted from nanoindentation 

tests as it is described above (Eq. 5.1). However, in this particular case the Young's 

modulus of the bulk material (Incone\ 718) is known a priori - E '" 200 GPa - and is 

in good agreement with nanoindentation results. It is worth noticing that 

anomalously high values for E observed in the hardened surface layers are due to an 

intrinsic error of the nanoindentation technique. The error in Young's modulus 

estimation for the hardened material is connected the increased values of "pile-ups" 

around the indent, resultant from material deformation during indentation of the 

probe. The pile-ups lead to underestimation in the values of the residual plastic 

depths he and, consequently, to overestimated E values. Thus, trustworthy 

information on E values for hardened surface layers cannot and should not be 

extracted from these particular tests. 

5.5 Thermal analysis of ultrasonic and conventional 

turning 

Temperature in turning is an important process parameter. It can affect properties 

of the workpiece material, such as thermal conductivity, specific heat, and the 

coefficient of thermal expansion. High temperatures also lead to thermal softening of 

the material, which is a reduction in its yield stress, leading to easier plastic 

deformation and shearing processes in chip formation. Excessive temperatures 

appearing when turning at high speeds or for high-strength materials can cause 

premature wear of the cutting edges. And even iftemperatures are not high enough to 

significantly affect the properties of the workpiece, detailed experimental 

information on cutting temperatures can be valuable to validate the results of 

numerical simulations. Additional information on the nature of deformationaI 

processes can also be obtained with such thermal data, for example, mechanics of 

chip formation and the influence of friction and its mechanisms. In this case, it is 

important to know not only the value of temperature in the single point in the cutting 
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zone or mean value of temperature at the tool-chip interface, but rather a temperature 

distribution over the certain surface in the cutting region, such as along the rake face 

ofthe tool. 

In order to study thermal processes during CT and UAT, and to verify results of 

FE simulations, infrared (IR) thermography tests are employed. As it was discussed 

in Section 2.5.2, although other methods can be used to obtain temperature 

distribution in the cutting tool, for example inserted tool-workpiece thermocouples, 

IR thermography is a considerably less laborious and straightforward way of getting 

such temperature data. It is worth noticing that inherent limitation of this technique is 

that temperature observation is possible only for exposed parts ofthe cutting tool. 

5.5.1 Instrumentation 

The experiments are performed with ThermaCAM™ SC3000 produced by FUR 

Systems AB. The camera features the new Stirling-cooled Quantum Well Infrared 

Photon (QWIP). This IR detector has a spectral response between 8 and 9 !lm and 

can measure temperature in a range of -20°C to 2000°C. The produced image has a 

resolution of 320x240 pixels with 14-bit digital image data. The camera comes with 

a built-in 20° lens, and close-up lens, attached to it, that allows to focus on the area 

of 34x26mm2
• The data is acquired with the Tracer Plus Package real-time digital 

recording and temperature analysis system via a high capacity PC-card and then 

stored on the hard drive of a Windows-based PC. 

The ThermaCAM™ SC3000 system has several operation modes: (i) frame mode, 

where a single IR image is taken at a certain moment of time and then stored in the 

memory individually, (ii) continuous filming mode, where continuous filming with a 

rate of 50 or 150 frames/s is carried out after the camera is triggered by the key 

stroke. Both modes cannot provide information on the dynamic temperature 

fluctuations within a cycle of ultrasonic vibration. Such a dynamic image would 

require the camera operating at a rate of about 10s frames/s, hence about 700 faster 

than the maximum speed of the camera in the line mode. The relatively slow 

operating rate of the camera is connected with a nature of thermal processes in the IR 

detector. High speeds of filming are, however, available with modem high-speed 

cameras, enabling real-time video recording of the dynamics of the UAT process, 

described above in Section 5.3. Consequently, temperature distribution frames taken 
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with the camera in a single-frame and continuous-filming modes used in the 

experiments are considered as quasi static measurements. Most ofthe time the camera 

is operated in a continuous filming mode at rate of 50 frames/s, using a single-image 

format only during the calibration stage, however, the recording time is usually about 

four seconds at a time, as the stored data requires about 8 Mb per second of filming. 

Nevertheless, the total recording time is limited only by the PC hard drive space. The 

recording is conducted and recorded data is analysed by specialised software 

(ThermaCAM 2001 Researcher by FUR Systems). 

5.5.2 Experimental procedure 

Camera calibration· 

The IR camera requires the values of the ambient temperature, distance to the 

object, relative humidity and object emissivity as input values set by the operator. 

The first three parameters are adjusted to the current values, and the only parameter 

that needed additional calibration is an emissivity of the cutting tool and that of the 

chip. 

The emissivity factor & describes emission from the body surface, being equal to 

unity for the ideal "black body" and less than 0.1 for polished surfaces. For oxidised 

or painted surfaces the value of & is usually more than 0.9. The emissivity value 

depends in the experiment on the object material, temperature of the object and the 

angle of filming, thus making the precise measurement of absolute values of 

temperature extremely difficult. The measurements are further complicated by the 

presence of moving or vibrating parts in the filed of view. 

The calibration of the emissivity value is performed with an electric heater, the 

steel top surface of which is heated to 450°C; this temperature is controlled by a 

thermocouple connected to the heater surface and thus can be considered as an 

accurate value (Figure 5.35). Inconel 718 chips and tungsten-carbide cutting tools, 

uncoated and tinned, are then placed on this surface plate. The sufficient time 

interval (about 15 min) is chosen for temperature of the tested objects to reach the 

temperature level of the heated surface (450°C). The IR image of the surface is then 

taken with the ThermaCAM7M SC3000 system (Figure 5.36). 
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Thermocouple 
temoerature monitored 

11 6 

Figure 5.35 Electric heater and thermocouple system for lR camera calibration 

Uncoated WC tip 

T in ned WC tip 

~ Heater's top surface 

Figure 5.36 A magnified LR image for emissivity cali bration 

The automatic emissivity recalculation option IS then utilized to adjust the 

emissivity levels for di fferent materials (lnconel 718 and tungsten carbide) so that to 

obtain the same resul tant temperature (450°) in the respecti ve image areas. The 

calculated values of emissivity are 0.24 fo r Inconel 718 and 0.34 fo r the cutti ng tool. 

These calcul ated values are then applied for the analysis of the different areas in IR 

images, allowing calculate the levels of temperature corresponding either to the chip 
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or cutting tool materials. The error of emissivity calculation is estimated at ±O. I , 

which leads to error of ± 10° for the temperature measurement at the level of 500°C. 

Nevertheless, as the em issiv ity of the surface depends on the angle of filming, 

surface roughness and temperature level , the actual magnitude of the error in 

temperature measurement can be hi gher than thi s estimation. Stil l, relative difference 

between CT and UA T can be measured accurately in terms of cUlling tool and chip 

temperatures, as well as di stribution of temperature in the tool is observed for both 

cutting technologies. Additionally, levels of temperature, measured in the cutting 

1001, enable to set the correct value of the contact heat conduction coefficient H, 

which is a complex parameter and can be determined only experimenta lly. 

Measurement procedure 

The experimental set-up comprises the universal Harri son 300 lathe, ultrasonic 

transducer, tool holder with dle tlmgsten carb ide insert (grade H 13A) attached to its 

end, infrared camera (ThermaCAM7M SC3000), computer system and the monitor for 

rea l-time observation of the IR images (F igure 5.3 7). 

ThermaCAM SC3000 

Ultrasonic transducer 
with attached cutting too l 

Figure 5.37 A photograph of the experimental set-up for inf rared thermography 
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A lens of the ThermaCA M7M SC3000 system is zoomed in and focu ed onto the 

tool area nex t to the cutting tip . The close-up lens supplied with the cam era are 

designed for focal di stances about 100 mm, allowing to focus onto the area of 

34 x 26 mm2 with a very narrow depth of field of about 0.25 mm, leading to some 

objects, namely the chip, workpiece and di stant parts of the cutting tool, being 

sometimes slightl y off- focus. 

Adjusting controls of the ThemlaCAM 200 I Researcher, the range and scale of 

the measured temperature are set automaticall y to include all the temperatures in the 

fi eld of view. Various co lours on the IR images correspond to the temperature in the 

range between each two consecutive marks on the temperature scale. In case of the 

spot temperature being higher than the max imum temperature in the set range, thi s is 

indicated wi th white colour on the IR image for the chosen colour scheme. 

For all considered cutting and lubrication conditions, runs are started with CT (i .e. 

with ultrasonic transducer switched oft) and infrared images are taken after a minute 

or two of turning for each cut, in order to achieve a stable temperature mode of 

tuming. After that, ultrasonic vibration is switched on and images are taken for UAT 

conditi ons, again allowing time to reach stable levels of temperature. 

In IR images both the cutting tool and chip are seen. The emissivity of the camera 

during operation is set to 0.34 (cutting tool emissivity), thus the images show lower 

than factual temperatures for the chip (as cal ibrated emissivi ty of Inconel 7 18 is 

lower than that of the cutt ing tool). In order to obta in real magnitudes of the chip 

temperature, its emissivity level is adj usted dUting the ana lysi s of the experimental 

results. Although changes in the chip geometry during cutting and, consequently, in 

the reflection angle could affect resultant readings, it is believed that thi s influence is 

averaged over the filming time, and thus relati ve differences in the chip temperatures 

between CT and UAT for vari ous cutting conditions can be analysed. ln some 

images, the chip, which temperature is higher than that of the cutting tool , obstructs 

the view: in thi s case temperatures in cutting tip are compared in the di tant areas of 

the tool, usuall y several millimetres from the tool tip, where the measured 

temperatures are considerabl y less affected by the chip radiation and consequent 

reflections on the cutting too l. 

TIle observation is done at two different angles: the position of camera is adjusted 

so that to observe the cutter along Z and X axes in Figure 5.6. The set-up for IR 

thermography along Z-ax is can be al so een in Figure 5.37. 
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5.5.3 Experimental results and discussion 

Initial measurements 

The temperature of the cutting tip prior to the engagement with the workpiece is 

studied in e T and UA T. The temperature of the unloaded tip in CT is equal to the 

room temperature. However, when the ultrasonic vibration is switched on, the cutting 

tip begins to heat up, and the max imum temperature registered after the temperature 

stabilises in several minutes, atta ining an average level of about 75°C (Figure 5.38). 

The temperature distribution in the cutting tool for UAT in no-load operation mode is 

shown in Figure 5.39. Apparent ly, the increase in the temperature of the cutt ing tip 

for UAT in no-load operation is connected with the di ssipation of the ultrasonic 

energy. 

100 

u 90 
° 

80 

o 1 2 3 4 

Distance from the tip, mm 

Figure 5.38 Temperature di stribution in the vibrating cutting tool in no-load 

operation along line 2 (see Figure 5.39) 

The experiments are perfonned with Inconel 7 18 and mild steel for van ous 

cutting and lubrication conditions, and various angles of filming, givi ng consistent 

results for various combinat ions of process parameters. 
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Figure 5.39 Temperature di stribution in the cutting tool for UA T in no-load 

operation mode 

initial turning tests 

120 

For the tests described in this section, the temperature levels are observed in the 

cUlling tool and chip prior to tJle proper camera ca libration, thus absolute magn itudes 

of temperature cannot be given here. Still, some useful data is obtained from these 

trial runs. 

Figure 5.40 IR images of the cutting tool in eT (a) and UA T (b) of mild steel 
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Infrared images of the cutting tool, as observed along X-ax is in Figure 5.6, are 

compared fo r CT and UA T of mild steel for the following cutting conditions: 11 = 40 

rev/min, s = 0.2 mm/rev, d = 0. 1 mm, workpiece di ameter D = 50 mm without 

lubrication (Figure 5.40). Mild steel workpieces that are easil y machined are used in 

order to gain hands-on experience prio r to temperature measurements in turning of 

Inconel workpieces. Relatively low temperatures obtained in thi s test are due to low 

cutting speed, small depth of cut and mi ld stcel being a soft and ductil e materi al. 

The effect of lubrication on cutting temperatures is studied for vari ous lubrication 

conditions in CT and UAT of mild steel for the same cutt ing conditions. The 

following four cases are compared : ( I) dry turning, (2) water used as lubricant, (3) 

silicon lubricant pre-applied to the workpiece surface as a very th in layer, and, (4) 

commerc iall y available cutting fluid (type HDC) sprayed onto the workp iece. (The 

study of the chips produced in thi s experiment is given in Section 5.4.2). Each run 

starts under the dry turning conditions, and IR images are taken for CT and UAT. 

After that lubricat ion is introduced into the cutting region, and IR measurements are 

performed again. The measured temperature is invariabl y hi gher for ultrasonica ll y 

vibrating too l for all lubrication conditions. Surpri singly, the onl y lubricant to reduce 

the temperature in the cutting region for both CT and UA T is water, whereas silicon 

lubricant and cutting fluid e ither do not affect the temperature or increase it. Such 

results apparentl y show that the in fluence of reducti on in the fi·iction forces at the 

tool- chip interface on the cutting temperature is less than the insul at ion effect of 

reduced heat conduction to the environment due to the presence of the lubricant in 

the cutting region. Temperatures in the chip demonstrate the same trend as in the 

cutting too l with slight decrease in the chip temperature for water-lubri cated 

conditions and temperature growth for all other lubrication conditions compared to 

dry turning. 

The influence of the depth of cut on the temperature in the cutting tool and chip is 

also studied. TI,e following cutting conditions are used when machining Inconel 7 I 8: 

11 = 85 rev/min, s = 0.2 mm/rev, workpiece diameter D = 40 mm and d is varied 

from 0.05 to 0. 1 mm. The infrared images illustrating the temperature growth in the 

tool and chip with the increase in the depth of cut d are shown in Figure 5.4 1 (the 

observation is performed along Z-axis in Figure 5.6). 
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An increase in cutt ing temperatures is explained by greater amount of the material 

removed per unit time for greater values of d, and consequently greater values of the 

work of plastic deformation and friction at the tool-chip interface. 

Figure 5.41 Temperature di stribution in the cutting tool for different depths of cut in 

e T of Inconel 718: (a) d = 0.05 mm, (b) d = 0.08 mm, (c) d = 0. 1 mm. 

Turning of lnconel 7 J 8 

Infrared images of the end clearance face of the cutting tool as observed along X

ax is in Figure 5.6 are compared for eT and UA T of Inconel 7 18 (Figure 5.42). The 

fo llowing cutting conditions are used : 11 = 40, 85 and 125 rev/m in, s = 0.03, 0.05 and 

0. 1 mm/rev, d = 0. 1 mm, workpiece diameter D = 4 mm, and no lubrication is 

applied. The rotational speeds of 40, 85 and 125 rev/m in correspond to cutting 

speeds Vc of 0.08, 0.18 and 0.26 mls, wh ich are calculated according to the 

fo llowing formula: 

V. = 7rI1D 

c 60 

The observed temperature is consistently higher for the ultrasonically vibrating 

tool and for the chip in UA T compared to those in eT for all studied cutting 

conditions. In order to make a quantitative comparison between IR images, the 

temperature is measured along two lines on the end clearance face of the cutting too l. 

The lines start from the tool tip and go along the intersection between the end 

clearance face and either rake face or flank of the tool (see lines 1 and 2, 

respectively, in Figure 5.39). Figure 5.43 shows the evolution of the surface 

temperature in the cutting tool with the distance from the tool tip along these lines. 
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Figure 5.42 IR images of the cutting tool - workpiece interaction in CT (a) and UAT 

(b) of [nconel 718 ( 11 = 125 rev/m in, s = 0.1 mm). The emissivity of the image is 

adjusted to depict temperature magnitudes in the chip (E = 0.24 ). 

A steady ex ponential decrease in the temperature magnitudes is observed along both 

lines for UAT and CT. The temperature in the ultrasonically vibrating tool is greater 

compared to that in e T near the cutting tip, as well as in the di stant parts of the too l. 

The relative difference in the tip temperature between CT and UA T varies from 20 to 

70cC, depending on the cutting conditions. This is equivalent to the 4.;.8 % di fference 

when temperatures in oK are used fo r relative compari son. This di fference is bigger 

for more severe cutting condi tions (i.e. higher cutting speeds or feed rates), when 

greater overa ll temperatures are attained in the chip and tool volumes (see Table 5.7). 

The di ffe rence between max imlUTI temperature in the chip in the processing zone and 
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temperature in the tool tip is quite signifi cant and ranges between 10 and 20 % for 

both CT and UA T. Increase in either feed rate or cutting speed leads to temperature 

growth in the chip and too l for both cutting techniques. 
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Figure 5.43 Temperature di stribution in the cutting tool during CT and UA T of 

Inconel 7 18 along the lines I (a) and 2 (b) (experimental data) 

For Vc = 0.25 m/s, s = 0.1 mm (these cutting conditions are close to those used in 

FE simulations in Chapter 7), the temperature of the too l's surface rapidly drops by 

nearl y 300°C along both lines and for both cutting techniques (Figure 5.43), thus 

creating sharp temperature gradients in the tool. The maximum attained temperature 
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levels are 540 and 500°C for UAT and CT, respectively; hence the abso lute 

temperature in the tool for UA T is 5 % higher than that for CT. 

Table 5.7 Max imum temperatures in the cutting too l and chip when cutting Inconel 

7 18 

C utt ing CT UAT 

conditions Chip Too l tip Chip Tool tip 

n = 40 rev/min , 270 220 290 240 

s = 0.03 mm/ rev 

n = 40 rev/min, 300 240 >300 260 

s = 0.05 mm/rev 

n = 85 rev/m in, 530 380 580 420 

s = 0.1 mm/rev 

n = 125 rev/min , 660 5 10 720 580 

s = O. I mm/rev 

It may also be interesting to study the relati ve temperature growth in the cutting 

too l as compared to the temperature levels in no- load operation mode. This is 

perfomled in Fi!,>ure 5.44, which indicates that the relative temperature increase in 

500 
u 
° -- CT-TO 
.s:; -;: 400 
0 -tr- UAT-TO ... 
Cl 

I-
Cl> 300 > 

:;::; 
n:I 
Cl> 

Cl:: 
200 

0 1 2 3 4 

Distance from the tip, mm 

Figure 5.44 Temperature growth in the cutting too l relative to temperature leve ls in 

no-load operation mode when CT and UAT o f Inconel 7 18 (along the li ne 2) 
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the tool is very similar for both cuning techniques with the max imum difference 

between the curves for CT and UA T being about 30 °C. In fact, relative temperature 

growth for the tool tip may be even higher in the case of CT. 

An interesting phenomenon is registered during infrared thermography 

experiments. Under certain cutting regimes, the chip radius of curvature grows 

dramaticall y and practically straight chip is produced (Figure 5.45). This effect is 

observed for both CT and UAT and for the same cutting conditions when the usual, 

curled chip is produced. Hence, thj s phenomenon cannot be explai ned purely by 

combi nation of process parameters, but rather complex processes at the tool tip and 

can be connected with tool wear or certain too l vibration modes. This observation 

reminds one that metal cutting is a very complex material shap ing process, where 

observed macroscopic phenomena result from interplay of a wide range of 

micromechan ical mechanisms. 

Figure S.4S Crup formation with a big radius of curvature registered in UA T of 

Inconel 7 18 ( n = 125 rev/min, Vc = 0.26 m/s, s = 0.1 mm) wlder some cutting 

regimes 

Higher temperatures observed in the UA T cutting procedure can be explained by 

add itional energy supplied into the system due to ultrasonjc vibration, the diffe rent 

crup formation mechanism and the increased yield strength level of the material due 

to higher strajn rates. This experimental result obtained with the high-precision 

eqwpment is qwte surprising, since previous estimations [85] indicated lower 
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temperatures for UAT. Kumabe does not provide any information on how the 

temperature in VAT and CT was measured, however, infrared thermography was not 

yet used at the end of 1970s, hence it can be assumed that tool-workpiece 

thermocouple methods are likely to have been used. Markov [18] argues that 

thermocouple methods are not sufficiently reliable under conditions of dynamic load, 

when the cutting tool periodicaIly moves away from the chip. Consequently, it is 

believed that present results are more reliable than previous temperature estimations 

forUAT. 

It should be pointed out that infrared measurements of temperature in turning are 

limited to the surface temperature distribution. AdditionaIly, the rake face of the tool 

cannot be seen due to chip separatipn processes. Numerical (FE) simulations are, 

therefore, an important tool, which aIlows an in-depth look at the details of transient 

thermal properties inside the workpiece and cutting tip. A comparison between 

experimental and numerical results wiII be presented in Chapter 7, although 

significantly different size and time scales of temperature measurements in the 

cutting tool and its numerical estimations make a direct quantitative comparison 

difficult to perform. 

5.6 Cutting force measurements 

5.6.1 Introduction 

A significant reduction III cutting forces in UAT was reported by many 

researchers (for example, [2, 89, 105, 124]) and it is a weIl-established phenomenon. 

Such data, however, considerably depends on the specific features of the ultrasonic 

cutting system, materials used in turning, types of cutting edges, use of lubrication, 

and cutting parameters. No research has been found, which contains a systematic 

study of force reduction in UAT depending on all above-mentioned parameters. 

Above all, there were no experiments performed before with a particular UAT test 

rig, designed at Loughborough University. Hence, investigations of cutting forces in 

comparison between CT and UAT were considered as an important part of the fuIl

scale study of the U AT technique. 
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5.6.2 Instrumentation 

The quartz three-component Dynamometer (Type 9257A) produced by Kistler 

Instruments AG is used in the experiments. This piezoelectric dynamometer bolted to 

the cross-slide of the Harrison 300 lathe is used for turning tests, and the ultrasonic 

system is mounted on the top of the dynamometer. 

The general description of piezoelectric dynamometers is given in Chapter 2. The 

dynamometer comprises four three-component force sensors, hence all three force 

components can be measured. The output voltage of the built-in charge amplifier is 

proportional to the applied force. A high rigidity of the system provides 

measurements practically without displacement; thus the dynamometer does not 

noticeably affect the stiffuess of the tool - workpiece system. The cut-off frequency 

of the built-in filter is 200 Hz and the charge amplifier possesses a big time constant, 

consequently leading to the elimination of the high frequency component of the force 

during turning. Hence, the force measured with the dynamometer is an average 

cutting force, which in the case ofUAT is averaged over a large number of cycles of 

ultrasonic vibration. 

A Philips PM8043 analog X-Y recorder is connected to the output of the 

dynamometer and provides with cutting force component versus time graphs plotted 

with a pen on A4-format paper. Only one component of the cutting force can be 

recorded at a time. The difference between main cutting force component, tangential 

to the surface of the workpiece and perpendicular to its axis, and the component of 

the cutting force acting in the feed direction is about an order of magnitude, therefore 

in all the case studies only the main component of the cutting force is considered to 

compare CT and VAT. The X-Y recorder is calibrated with a spring balance in the 

quasistatic mode prior to dynamic force measurements in turning. A smoothing 

system in the X-Y recorder allows to register only low-frequency oscillations in the 

cutting force. 

5.6.3 Experimental procedure 

The X-Y force scale is adjusted before each run to accommodate the cutting force 

for specific turning conditions. The following cutting conditions are varied in tests: d 

= 0.1 + 0.3 mm, s = 0.03+0.1 mm/rev, n = 40+125 rev/min. The present design of the 

mounting attachment does not allow precise setting of depth of cut, thus it 



Chapter 5. Experimental work 129 

contributes as an additional error factor in the experiment. Except for the several 

runs, where lubrication effect was studied and thus dry cutting conditions are needed, 

a lubricant Hocut 860 is applied on the surface of the workpiece. All the runs start 

with CT, with ultrasonic vibration switched off; the force in eT is measured for 40-

80 s, and after that ultrasonic vibration is switched on. Then cutting conditions are 

adjusted, for example lubrication is applied with a brush onto the surface of the 

workpiece or feed rate is adjusted. The run continues in the U AT mode for sufficient 

time (typically some 60 s) to obtain the stable magnitude of the cutting force. After 

that, vibration is switched off and the force is measured under new cutting conditions 

for eT. Tests with different rotation speeds require stopping the lathe, adjusting lathe 

controls and restarting the spindle. 

There is a number of error factors in the force measurement experiments, such as 

the change in the behaviour of the autoresonant control system, wear of the cutting 

edges and the amount of lubrication applied. These factors and impossibility to set 

the depth of cut with a high precision in the current design of the testing rig lead to a 

certain scatter in the force measurements. However, the general tendencies 

discovered and described below allow a number of consistent conclusions to be 

drawn. 

5.6.4 Experimental results and discussion 

The cutting force on the X-Y plots oscillates with a low frequency of about 1.5 -

3 Hz. Higher frequency oscillations are not seen on X-Y plots because of the chosen 

time scale (from 5 to lOs/cm) and smoothing analog system of the X-Y recorder. 

When connecting an oscilloscope directly to the output of the sensors in the 

dynamometer, the cutting force oscillations with a frequency of some hundred Hz are 

registered for eT. Switching on ultrasonic vibration leads to the superimposition of 

the high-frequency oscillations on this signal. 

Cutting forces are studied in turning two different metals: mild steel and Inconel 

718. There are a lot of parameters influencing the cutting force and complicating its 

precise measurements, such as the depth of cut, tool wear, the angle of tip orientation 

(depending on the transducer orientation), and the amount of applied lubrication. 

These parameters are not controlled accurately in the experiment, and they are 

therefore sources of error in the measurements. Nevertheless, consistent data has 
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been collected in these tests, indicating some general dependencies for cutting forces 

in CTcompared to VAT. 

The following tests are carried out on Inconel 7 18 workpieces of about 40 mm in 

diameter. Dependence of the main cutting force on the feed rate in turning is studied. 

The following cutting parameters are used: n = 40 rev/min, d = 0.1 mm. The cutting 

force in VAT (FuAT) is invariably much lower than the cutting force in CT (Fer). 

This correlates weB with observations given in different studies (see Section 4.2.3). 

The ratio Fer / FUAT is considerably greater at low feed rate (3-4 times), and 

stabilizes at about 1.6 times at higher feed rates. With an increase in the feed rate 

from 0.03 rev/min to 0.1 rev/min, the cutting force in CT doubles, whereas that in 

VAT grows about fivefold (Table 5.8), but stilI remains much lower than Fer. The 

increase in the cutting force with a growth in the feed rate is obviously explained by 

an increase in the material removal rate, i.e. amount of the material removed in unit 

time. The difference in the ratio FCT / FUAT for the lowest and highest feed rates can 

be attributed to the change in the contact area and separation line between the cutter 

and workpiece material. 

Table 5.8 Cutting forces in CT and VAT ofInconel 718 for different feed rates 

Feed rate s, Fer, N F uAT, N Fer/ FUAT 

mm/rev 

0.D3 120 30-40 3-4 

0.05 170 100 1.7 

0.08 205 120 1.7 

0.1 255 160 1.6 

The influence of the lubrication on the cutting force is also studied (Figure 5.46). 

The workpiece is degreased with alcohol before turning. The following cutting 

conditions are used: n = 40 and 85 rev/min (i.e. 0.08 and 0.18 rnIs, respectively), s = 

0.03 rev/min, d = 0.2 mm. The reduction in the cutting force with application of the 

lubricant onto the surface of the workpiece for VAT is from 15 to 45 % for different 

test runs, which is about double the reduction observed for CT. The ratio Fer / FUAT 

in dry turning is about 5 and 3 for n =40 and 85 rev/min, respectively. 
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Figure 5.46 Study of the lubrication effect on cutting forces in UAT in comparison 

toCT 

The influence of the cutting speed on the cutting forces is analysed. With an 

increase in n from 40 to 125 rev/min, the force in CT slightly decreases from 140 to 

130 N, whereas the force in UAT grows from 60 to 95N. A drop in the CT force is 

explained by the lower fracture toughness of the workpiece material at higher strain 

rates resulted from greater cutting speeds. An increase in the UAT force 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 (VI = braf). 

Mild steel workpieces (D = 50 mm) are also tested in the experiments. This 

material is much easier to cut than Inconel 718 and cutting forces are therefore about 

5 times smaller for similar cutting conditions. Higher rotation speeds are studied (up 

to 370 rev/min or surface speed about 1 m1s). For n = 370 rev/min the ratio Fer / 

FUAT is around 1.5, and for slower rotation speeds increases to about 2.5. The 

difference in the force reduction at high cutting speeds for Incone1 718 and mild steel 

can be explained by significantly lower toughness of mild steel, leading to greater 

amplitudes of ultrasonic vibration during turning compared to those in UAT of 

Inconel 718. 
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To sum up, the decrease in the cutting force largely depends on the process 

parameters, such as the depth of cut, rotational speed of the spindle and feed rate. 

The cutting force in machining Inconel 718 and mild steel ranges for tested 

combinations of the process parameters from about 1.5 to 5 times lower values for 

UAT compared to eT, and varies forUAT from about lOO to 250 N for Inconel718 

and from 25 to 160 N for mild steel. The force consistently increases with an 

increase in cutting speed, feed rate or depth of cut, and it decreases by 15-40 % for 

lubricated cutting conditions compared to dry turning. 
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Chapter 6 Finite element 

simulations: separation-type 

mo(lel 

6.1 Introduction 

As it was already noticed above, an adequate computational analysis of the VAT 

process should take into consideration the geometry of chip formation, elasto-plastic 

material properties with strain-rate effects and thermal softening, contact interaction 

and friction at the tool-chip interface, and thermomechanical coupling. Incorporating 

all these features into a single FE model is a challenging task that should be 

implemented gradually increasing the complexity extent in order to validate the 

model at every stage of its development. A purely mechanical FE model of contact 

interaction between the elasto-plastic workpiece material and cutting tool is 

considered in this chapter. The model of both CT and VAT is built using MSC 

Marc/Mentat general FE code [13). 

6.2 Model description 

An orthogonal turning process with vibration in the tangential direction (direction 

of cutting velocity) is considered. Figure 6.1 shows a scheme of relative movements 

of the workpiece and cutting tool; the rotation axis of the cylindrical workpiece is 

directed along Y-axis. Dimensions of the part of the workpiece used in FE 

simulations are 1.25 mm by 0.5 mm with the uncut chip thickness tl being 0.1 mm. 

The model is developed under the plain strain assumption and initially consists of 

approximately 1000 four-node isoparametric elements with bilinear interpolation of 

displacements; the number of elements increases to about 1700 during the simulation 

due to remeshing in the process zone. The characteristic size of the element in the 

process zone is 10 !lm (Figure 6.2). 

In the model the workpiece moves with a constant velocity, which corresponds to 
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the cutting speed Vc and equals 300 mm/so Kinematic boundary conditions providing 

this type of movement are applied to the left, right and bottom sides of the 

workpiece, whereas its top surface is free: 

c 

A B 

cutting speed, Vc 

H 

Chip 

Workpiece 

ultrasonic 
vibration 

G 

Figure 6.1 A scheme of relative movements of the workpiece and cutting tool in 

orthogonal VAT simulations. The magnitudes of cutting parameters are given in the 

text 

I 
l 

I . """' 

I 

Figure 6.2 Finite element mesh for the workpiece in the initial configuration (before 

engagement with the cutting tool) 
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The cutting tool (rake angle r = 300

) is rigid and immovable (in simulations of 

the eT process) or vibrates harmonically in the tangential direction in VAT 

simulations: 

Ux =-acos{l)t, uy =0, (6.2) 

where (l) = 2;r J , the frequency J = 20 kHz and amplitude a = 13 Ilm. 

The velocity ofthe cutting-tip vibration is described by the relation Ux = v, sin (l) t , 

where v, = 2;raJ '" 1600 mm/so Thus v, > Vc, providing a condition for separation of 

the cutter from the chip within each cycle of ultrasonic vibration. 

The material modelled in all simulations is Inconel 718, which elasto-plastic 

behaviour - in terms of the stress-strain relation - is described by the Ramberg

Osgood constitutive equation [120] (see also Section 5.2.3): 

(6.3) 

where c P is plastic strain, crY, is initial yield stress, Ky is a coefficient of plastic , 
resistance, and My is the hardening exponent. The stress-strain curve for Inconel 

718 used in simulations is shown in Figure 6.3 [120]. In this model, the thermal 
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Figure 6.3 The Ramberg-Osgood stress-strain relation for Inconel 718 
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dependence of material properties, strain-rate sensitivity and thermal softening of 

Inconel 718 are neglected; these will be included in the coupled thermomechanical 

analysis at the next stage of modelling (see Chapter 7). 

A frictionless contact interaction is considered between the cutting tool and 

workpiece in the current model; frictional effects are studied in the advanced model 

described in Chapter 7. The FE model also presupposes formation of the continuous 

chip, which is in good agreement with the results of high-speed filming experiments 

and analyses of chip microstructure, demonstrating a considerable reduction in chip 

segmentation for transition from the CT to UAT. 

6.3 Results of simulations and discussion 

The chip formation process in CT simulations is modelled from the initial contact 

between the cutting tool and workpiece at (=0 to a state of the fully formed chip ( = 

0.00125 s (Figure 6.4). The contour bands in the figure represent von Mises 

(equivalent) stresses: 

(6.4) 

where er ij and sij are components of the Cauchy stress tensor and its deviatoric part, 

respectively, and oij is the Kronecker delta. The stress distribution changes during 

the initial stage of the simulation: the region occupied by stresses exceeding the yield 

strength propagates gradually along the surface of the workpiece and moves into the 

depth of the workpiece in the vicinity of the cutting tip. However, a steady-state 

stress distribution (as in Figure 6.4d) is observed as soon as the chip is fully formed. 

The time increment, chosen for the CT simulations is 2.5.10-6 s, thus the entire 

analysis till the transition to the steady-state behaviour (in terms of stress levels in 

the process zone) requires 500 increments and takes about two hours of CPU time on 

HP 9000 workstation with I Gb RAM. 

Due to the high levels of deformation in the process zone in the direct vicinity of 

the cutting edge, the local magnitudes of equivalent plastic strain 

_p 2 'P'p 

( )

'/2 

G = J ?/ijGij dt, i,j =x,y,z exceed unity, and elements In this zone could 
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become highl y distorted, leading to the accuracy degradation and even the premature 

termination of the analysis. To overcome thi s obstacle, an automati c remeshing 

procedure is used in the regions w ith a high degree of element di sto rtion. The 

remeshing iJl such zones of the workpiece and chip material is carried out either 

periodica ll y (usually each 5 increments), or in case of considerable changes in the 

aspect ratios or angles of finite elements. 
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Figure 6.4 CT simulations: chip formation process and distribution ofvon Mises 

stresses: (a) I = 0, (b) I = 0.00025 s, (c) I = 0.00075 s, (d) 1 = 0.00125 s. The frame 

size is 0.7 mm by 0.6 mm. A notch of 50 pm is introduced (a) to improve the 

convergence at the beginning of the simulations 

Contrary to modelling the general cases of crack propagation in solids with a 

priori unknown paths, the separation of the material in the turning process occurs in 

the vicin ity of the cutting edge, which moves along the kinematicall y prescribed line 

in two-dimensional simulations. Hence, the material separation in front of the cutting 

edge can be considered along a predefined line and is subject to a critical stress 
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criterion, I.e. material fails when nodal stresses reach a specified cri tical value. 

Models of cutting with separation along a predefined line are reviewed in Chapter 3. 

Ultraso nic vibration is "switched on" at the stage of the fu lly formed chip, i.e. the 

CT simulation is restarted with the ultrasonically-vibrating cutting tool. Figure 6.S 

shows characteristic stages of a single cycle of vibration, which modelling takes 40 
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Figure 6.5 Distribution ofvon Mises (equivalent) stresses for UAT simulations at 

different moments ofa single cycle of vibration: (a) cutter approaching the chip, (b) 

cutter in full contact with the chip, and (c) cutter moving away from the chip 
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time increments ( 1.25. 10-6 s each) for I = 20 kH z. The cutting process during the 

cycle of vibration could be d ivided into four main stages. During the first stage the 

cutter approa hes the chip, in the second tage the cutter contacts the chip and starts 

penetrating into the workpiece causing the chip separation. The attainment of the 

maximum penetration depth is characteri zed by highest levels of generated stresses 

in the process zone and marks the end of the second stage. The foll owing stage is 

unloading : the tool moves backwards and remains in contact with the chip even after 

the moment when the tool speed exceeds the cutting speed (due to the elastic spring

back effect). During thi s phase, the relaxation of elastic stresses in the process zone 

takes place. The last stage, starting wi th the full separation of the cutting edge fro m 

the chip, is the withdrawal of the cutter from the chip . It is worth noti ci ng that the 

cutting tip remai ns in contact with the newly-cut workpiece surface at a ll times. 

In contrast to the steady-state stress di stribution in CT simulations, a transient 

stress distribution is observed for UA T. During the approach and withdrawal stages 

of the ultrasonic cycle, the region with high stresses is situated in the vicinity of the 

separation point and between thi s point and the cutting tip. As soon as the cutter 

comes into the contact wi th the chip, the zone wi th equi valent stresses more than 800 

MPa stal1s propagating from the cutting tip towards the chip 's backside (along BE, 

Figure 6. 1), fomling a band wi th the mean thickness of 60 ~m . At the beginning of 

the unloading stage of the cycle of vibration, the zone with high stresses begins 

shrinking in the direction of the cutting tip, graduall y diminishing to the size it had at 

the approach stage (i .e. before the tool contacts the chip). During the withdrawal 

stage, the stress distribution in the process zone remains nearly unchanged. Hence, 

the greatest level of stresses during the cycle of vibration is attained within the 

penetration stage, whereas the stresses are significantly smaller in the rest of the 

cycle. 

An important point is that the stress di stribution in the process zone during the 

penetrat ion phase of the cycle of ultrasonic vi bration (Figure 6.5b) is simi lar to the 

steady-state stress di stribution in CT (Figure 6.4d). Hence, during the considerable 

part of the ultrasonic cycle stresses are noti ceabl y lower than those in CT. 

Consequently, mean magnitudes of stresses and , more generall y, cutting forces are 

considerab ly lower in UA T. Figure 6.6 demonstrates levels of forces acting on the 

cutting tool when CT and within a single cycle of ultrasonic vi bration when UAT: 
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the average fo rce in CT is 65 N for a chosen materi al model and cutting conditions, 

whereas in UAT, by contrast, the average force is only 26 N. The cutting force in 

UAT reaches its max imum at the penetration stage of the cycle of ultrasonic 

vib ration and rapidly decl ines at the withdrawal stage. The force magnitude is 

flu ctuating between zero and small posi ti ve va lues when the cutter approaches or 

moves away from the chip; thi s is explained by the transient interaction between the 

cutter and the work piece surface, as well a by the numeri ca l error inherent in 

simulations. A reduction in average cutting forces correlates well with experimental 

measurements of cutting fo rces studied in Section 5.6 and with the reported 

experimental resu lts (e.g . [18,85]). It is also in good agreement with the behaviour 

of ductile materi a ls under thi s kind o f loading [1 25]. 
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Figure 6.6 Forces acting on the cutting tool in CT and within a s ingle cycle of 

ultraso nic vibration in UAT 

Another important feature of UAT is the non-permanent character of the contact 

between the cutting tool and work piece surface: the cutter remains in contact with the 

chi p onl y during the penetration and unloading phases, making it about 40% of the 

cycle of vibration (Figu re 6.7). Obviously, thi s amount depends on the ratio between 

the cutting speed and cutting tip velocity. The biggest attained length of the contact 

Le (Figure 6. 1) between the chip and the cutter within the cycle of vibration is 80 flm 

(Figure 6.7), which is equal to the steady-state value of Le in CT. Different contact 
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conditions between the cutter and chip in UAT and CT influence thermal boundary 

conditions and fri ction. 

The chip thickness ratio R = 1, /1, is approx imately 0.8 for both CT and UAT 

simulations. Hence, the shear pl ane angle !p (Figure 6.1 ) can be e timated as 

_,( R cosa ) 
!p = tan . '" 50° , 

1- R SIll a 
providing fair agreement with the well-known 

Merchant equation [7J (which Ignores material hardening effects): 

!p = n/4 - ().. - a )/2 = 60° ().. is the fri ction angle that vanishes for the fri ction less 

contact) . 
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Figure 6.7 Simulated contact lengths Le for CT and UAT. Stages of the cycle of 

vibration for UAT: approach (I), penetration ( 11), unloading (Ill) and withdrawal (IV) 

The max imum magnitudes of equi va lent plast ic strains ( e' ) observed in CT 

simulations are about the half of those in UAT simulations (Figure 6 .8). However, 

the maximum plastic stra ins in UAT are concentrated within the vicinity of the 

cutting tip, whereas strains at the backside of the chip and along the rake face of the 

tool are similar to those attained in CT in the respective regions. The major 

difference between distributions of plastic strains in CT and UAT simulations is a 

presence of the area with a high level of plasti c deformation along the newly formed 
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work piece surface in the materi al machined with UA T, together with high levels of 

plastic strai ns in the vicinity of the vibrating cutti ng tip. 

(a) 

(b) 

Figure 6.8 Distri bution of equi valent plast.ic straills in (a) e T and (b) UA T 

simulations ( / = 0.76 ms) 

Residual strains In the machined layer are estimated after the end of eT 

simulations. Figure 6.9 shows the dependence of equivalent plastic strain BP on the 

distance from the surface. Residual strains in the machined layer diminish more than 

fivefo ld within I 00 ~lm from the surface. This agrees reasonably with the results of 

nanoindentation tests, indicating an 85 ~lm hardened layer fo r eT. 
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Equivalent plastic strain rates (tp
) observed in CT simulations attain the highest 

magnitudes in the shear plane (BE in Figure 6.1) and occupy the band of the nearly 

constant width (30 Ilm) inclined at an angle rp * = 55° to the X-axis. The maximum 

magnitude of t P for CT is about 104 
S·I. For VAT simulations t P are the largest 

during the penetration stage and they are also concentrated in the shear plane. The 

maximum level of t p for VAT is observed in the vicinity of the cutting edge and 

attains approximately 105 
S·I. Hence, the maximum t p levels are about an order of 

magnitude higher in VAT; this is explained by an increase in the maximum relative 

velocity between the chip and cutting tool due to the ultrasonic vibration of the latter. 
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Figure 6.9 Residual plastic strains in the eT-machined surface layer (simulation 

results) 

6.4 Concluding remarks 

An elasto-plastic FE model for VAT is proposed as an enh~cement of the model 

for eT to explore microstructural processes at the cutting tool-chip interface for both 

cutting techniques. A detailed comparison based on the numerical analysis of the 

transient stress distribution during the cycle of ultrasonic vibration and the steady

state stress distribution in eT has shown that the mean stress levels in the process 
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zone and, consequently, cutting forces are considerably lower for UAT, which 

correlates with known experimental results. In CT, the cutting tool stays in a 

permanent contact with the chip throughout the entire cutting process. In UAT, by 

contrast, the cutter remains in contact with the chip only about 40% of the time for 

chosen vibration parameters, according to FE simulations. Different contact 

conditions between the cutter and chip in UAT and CT influence evolution of 

thermal processes and the friction type, causing differences in the chip formation 

observed experimentally in high-speed filming experiments. The next stage of 

numerical investigations, described in Chapter 7, incorporates additional analysis 

features, such as thermomechanical coupling, frictional effects, and advanced 

material properties, into the FE model of the cutting techniques. 
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Cbapter 7 Couple(l 

tbermomecbanical simldations: 

deformation-type model 

7.1 Introduction 

A purely mechanical model ofUAT was presented in the previous chapter. In the 

present chapter, a fully thermomechanically coupled model of the VAT is developed. 

It incorporates a range of other enhancements compared to the initial model. It 

includes a description of the advanced material behaviour, taking into consideration 

nonlinear hardening and strain-rate sensitivity effects of the material during cutting. 

It also takes into account various heat-transfer, friction and cooling conditions at the 

tool-chip interface. The description of this model, results of various numerical case 

studies and comparison with experiments are given in the following sections. 

7.2 Contact heat transfer 

Temperature in the cutting zone is one of the most important factors in metal 

turning. High temperatures can significantly affect the cutting process, leading to 

material softening (i.e. reduction in the yield stress) and influencing other material 

properties, such as the coefficient of thermal expansion, specific heat and thermal 

conductivity. 

Thermal processes in turning comprise heat generation in the workpiece material 

due to its plastic deformation and creation of new surfaces, frictional heating at the 

tool-chip interface, contact heat conduction between the chip and tool, and 

convective heat transfer from free surfaces of the workpiece, chip and tool to the 

environment. The mechanisms of the last three factors (frictional heating, contact 

heat conduction and convective heat transfer) and their consequent boundary 

conditions will be described in this section. 
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Obviously, contact heat transfer in UAT between the chip and tool occurs only 

during the time of their contact, in contrast to pennanent contact heat transfer in CT. 

This contact is along the line OB in Figure 2.5 with a maximum contact length Le in 

a vibration cycle, which is nearly equal to the constant contact length at CT (as 

obtained in FE simulations described in Chapter 6) .. 

There is a number of surface conditions arising in the mathematical theory of heat 

conduction, several of which can be applied to turning: (i) prescribed surface 

temperature, (ii) linear heat transfer at the surface, (iii) the separation surface of two 

media with different conductivities K\ and K2, and (iv) radiation from the surface. 

Condition (iii) can be complicated in cases when there is a contact resistance 

between the media, or if there is a heat source between them, as in the case of 

frictional heating. Various surface conditions are described below according to 

Carslaw and Jaeger [126]. 

Condition (i) T = To at the surface is the easiest, but, in practice, it is often 

difficult to prescribe the surface temperature, and such cases are therefore can be 

better represented by condition (ii) [126]. The case of linear heat transfer 

presupposes that the flux across the surface is proportional to the temperature 

difference between the surface temperature and temperature of the environment, i.e. 

(7.1) 

where Too is the temperature of the surrounding medium and h is a constant. Hence, 

the boundary conditions in this case can be written as: 

oT 
-K-=h(T-T) ox ~ , (7.2) 

where K is thennal conductivity of the body and x -axis is nonnal to the interface 

between the media. 

Such boundary conditions are not, however, entirely accurate for the case of 

natural convection from the surface, i.e. the process of heat conversion from hot 

body into the surrounding fluid or air. It is found experimentally that in this case the 

flux across the surface is proportional not to the difference (T - Too), but to 

(T - Too )'14 [126]. Nevertheless, for extremely short times of natural convection into 
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the air numerically simulated for turning with FE (described below), the difference 

with linear convection is negligible. Thus, the boundary condition (7.2) is used in 

simulations. 

Radiation from the body surface is proportional to the (T4 - T~ ') , i.e. 

q = m;(T' - T~ '), (7.3) 

where CY is the Stefan - Bolzmann constant and & is emissivity of the surface, that is 

the ratio between the heat emitted by the body to that emitted by the black body at 

the same temperature. Radiation from the chip and tool surfaces is used in our 

infrared thennography experiments, however, this boundary condition is usually 

reduced to (7.1) in various analyses, and few exact solutions for problems with the 

radiation boundary condition (7.3) can be found [126]. 

The case (iii), i.e. of the separation surface of two media with different 

conductivities k, and k2, can be subdivided into different subcases. The simplest is 

the subcase, when there is no thennal resistance between the media. In that case, the 

heat flux and temperature are continuous on the boundary between bodies, and as 

qi = -Ki oT, for i = 1,2, the boundary condition is: ox 

IK 07; =K oT, 
I ox 2 ox 

7;=T, 
at x= 0, t > O. (7.4) 

However, such a boundary condition is possible only for a very close contact 

between the surfaces of two adjacent bodies, such as soldered surfaces. Typically, 

there is thennal contact resistance between the media, such that: 

q=H(7; -T,), (7.5) 

where H is a contact heat transfer coefficient, and R =..!.. is a thennal resistance 
H 

constant. Contact heat transfer coefficient H is a very complex parameter, which in 

the case of cutting depends on contact pressure, parameters of the workpiece and 

tool, the type of the lubricant, cutting temperature and surface roughness. Schneider 

[127] argues that the mechanism of heat transfer across a solid·to-solid thermal 

contact is difficult to describe analytically, since this process depends on the unit 

pressure and total force exerted on the contacting surfaces. According to 
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experimental data, the solid-type conductance constitutes a substantial part of the 

total conductance of the contact joint at high contact pressures, whereas it constitutes 

only a minor part of the total conductance at low pressures. The process is further 

complicated by the physical nature of the contact bond, i.e. the type and distribution 

of surface irregularities, material hardness and the possibility of plastic flow. Other 

influencing parameters are the quantity and physical properties of the fluid (lubricant 

trapped between the contacting surfaces and the mean temperature of the interface 

[127]. In this case, the heat flux can be still continuous across the boundary between 

the media, but the temperature is discontinuous, and the boundary condition takes the 

form: 

(7.6) 

The last subcase can be further complicated ifthere is a heat source on the surface 

of separation, e.g. when there is friction between the contacting bodies. The full 

description of the mathematical solution for this subcase can be found in [128]. It is 

introduced here with the current notation. 

The thermal flux q cannot be described in the case when heat is generated at the 

interface, unless a more specific model of the interface is considered. There are two 

different analytical models for lubricated and dry friction conditions (Figure 7.1). In 

the models, two media with thermal conductivities KI and K2 are in contact along 

the plane x = 0, contact resistance is created by either air or a layer oflubricant, and 

heat is generated due to sliding friction at the interface. 

For lubricated friction conditions, it is assumed that the heat source S is situated 

between two thennal contact resistances RI and 11" with the total resistance 

R = RI + 11,. In this case, two solid surfaces are separated by a layer of lubrication, 

and the heat is generated within the lubricant and flows to each solid surface through 

a film contact resistance. Assuming that the temperature of the lubricant layer is T, 

according to Eq. (7.5) we can write: 

q; =H;(T -T,) or q;R; = T -T, for i = 1,2. 
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Lubricant temperature T is eliminated using R = R, + Rz and q, + q2 = S , and the 

following condition is obtained: 

Introducing Ni = 1-R,/ R, the following general form of the condition at the 

interface is obtained: 

(7.7) 

(a) (b) 
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Figure 7.1 Models of heat generation and conductance for lubricated (a) and dry (b) 

friction conditions at the interface between two solid surfaces (adapted from [128]) 

For dry friction conditions, it is assumed that heat is generated on each of the solid 

surfaces by heat sources S, and S2' with S, + S2 = S, separated by single contact 

resistance R (Figure 7.1 b). The physical explanation is that heat is generated on each 

of the sliding surfaces separated by a thin air layer, which constitutes a contact 

resistance. The total heat S is assumed to be divided between to sources 

proportionally: 

where Ni is an empirical constant, depending on the surface roughness and the 

elastic and cohesive properties of the contact materials. As the heat flux flowing 
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from the body 1 to body 2 across the contact resistance is S, - q" according to Eq. 

(7.5) it can be written: 

Eq. (7.8) for dry friction conditions is equivalent to Eq. (7.7), as Si = NiS . 

Hence, Eq. (7.7) describes the boundary condition at the interface between two 

solid surfaces with the heat generation and thennal contact resistance for both dry 

and lubricated friction conditions. 

Finally, the boundary value problem for heat transfer across the interface with 

contact resistance and friction can be fonnulated. Using q. = -K. aT, for i = 1,2 and , , ox 
Eq. (7.7), the boundary-value problem can be written as 

a2T, I aT, 
--' =---', (i=I,2), x>O, t>O ax2 ai at 

T,=To, t=O, x>O 

(7.9) 

(
aT. ) ( aT, ) (7.10) T, -7; = R N,S(t) + K, a~ = -R N2S(t) + K2 a; , x = 0, t> 0, N, + N2 = I 

K. h where a. =-'-, wit Pi and Ci being material's density and specific heat, 
, PiCi 

respectively. 

A similar fonnulation is used in numerical (FE) simulations of cutting for the 

thennal contact with friction between the chip and the cutting tool described below. 

7.3 Model description 

Turning is accompanied by considerable heat generation in the cutting zone, 

affecting material properties of the treated workpiece. Hence, adequate 

computational schemes for turning processes should be fully thennomechanically 

coupled and take into account main factors affecting stress and strain generation: 

contact interaction and friction at the tool-chip interface, strain-rate effects, and 

temperature-dependent material properties. The two-dimensional 

thennomechanically coupled FE model developed for both eT and UAT is based on 

the MSC.Marc general FE code [13]. 
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An orthogonal turning process is considered, i.e. the cutting tool edge is nonnal to 

both cutting and feed directions. Vibration is applied in the direction tangential to the 

surface of the workpiece. The same scheme of the modelled relative motion of the 

workpiece and cutting tool as in Chapter 6 is applicable (Figure 6.1), with the 

rotation axis of the cylindrical workpiece is orthogonal to the plane of the picture. 

The dimensions of a part of the workpiece used in plain-strain FE simulations are 2.5 

mm in length by 0.5 mm in height with the uncut chip thickness t, being 0.1 mm. 

This part of the workpiece is initially discretized into approximately 2000 four-node 

isopararnetric elements (see Figure 7.2); the number of elements increases during 

simulations to about 2500 due to remeshing in the process zone. The characteristic 

size of the element in the process zone is 20 Ilm, which corresponds to the mean 

grain size ofInconel 718. 

Figure 7.2 Finite element mesh for the workpiece and cutting tool in 

therrnomechanically coupled FE model in the initial configuration (before 

engagement with the cutting tool) 

The cutting tool with the rake angle r = 7.5" is simulated as a rigid body, as its 

stiffuess is significantly higher than that of the workpiece (the tool material is 

tungsten-carbide). The part of the tool, modelled in FE simulations, is constructed 

from some 550 four-node, isoparametric, quadrilateral heat-transfer elements. Such 

elements, not experiencing defonnation, allow the study of heat transfer in the tool 

during the cutting process. 



Chapter 7. Coupled thermomechanical simulations: deformation-type model 152 

Kinematic boundary conditions applied to the modelled workpiece part enable its 

translation in y -direction with the cutting speeds Vc = 150 mm/s and Vc = 300 mm/s, 

and are described by Eq. (6.1). In VAT simulations, the cutting tool vibrates 

harmonically around its equilibrium position with the frequency f = 20 kHz and 

amplitude a = 15 !lm along y -direction (whereas it is immovable in simulations of 

eT). Such parameters of vibration provide separation of the tool from the chip at 

each cycle of ultrasonic vibration, as the maximum speed of the vibrating tool 

exceeds sixfold the cutting speed, thus transforming the constant contact at the tool

chip interface into an intermittent one. Such cutting and vibration parameters 

correspond to those employed in the turning tests with eT and VAT techniques. 

Thermal boundary conditions include convective heat transfer from the 

workpiece, chip and tool free surfaces to the environment: 

aT 
-K-=h(T-T) an 00 , 

(7.11) 

where K is the conductivity of the workpiece or tool material, n is the outward 

normal to the surface, h is a convective heat transfer coefficient, and Too is the 

ambient temperature. The thermal flux passing from the chip to the cutter at the 

contact length Le (Figure 6.1) is described as follows: 

q = H ( T,,,;p - 7;001 ) , (7.12) 

where H is a contact heat transfer coefficient, Tch;p and 7;001 are chip and tool surface 

temperatures, respectively. 

Initial thermal conditions used in simulations are as follows: 

eT : Two", 1,=0 = Too; 7;0011,=0 = Too; 

U AT: Twork 1,."0 ::;: Too; T;ool Lo ::;: ~ltr' 
(7.13) 

where Two,k is workpiece temperature and 7;,1" = 75°C is initial mean temperature of 

the tool in VAT, as found in infrared thermography experiments described in Section 

5.5. 
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The Johnson-Cook model [26], accounting for the strain-rate sensitivity, IS 

employed to describe the material behaviour of the aged Inconel 718: 

(7.14) 

where (Ty is the yield strength level, T' = (T-T.,}j(Tm -Too), Gp and i:p are plastic 

strain and strain rate, and Tm is melting temperature. Parameters n=0.6522 and 

C=0.0134 are derived from dynamic tests and adapted from [I 16], withA=1241 and 

B=622 being calculated from quasi static values of (Ty, fracture strain and ultimate 

tensile strength (UTS) for the supplied Inconel 718 workpieces. A term T·
m 

is 

assumed zero in simulations, until reliable data on coefficient m is found. However, 

available data [119] for solution-treated and aged Inconel 718 shows that, within the 

temperature range modelled in FE simulations, maximum thermal softening of 

Inconel 718 is about 10+ 15%. The described model is also modified to prevent 

unrealistically high stress values at high strains, so that maximum stress values are 

limited to UTS ofInconel 718 at corresponding strain rate (latter reaching 105 s') as 

FE simulations show), with quasistatic values of UTS being equal to 1450 MPa. As 

an illustration, the stress-strain diagram for Inconel 718 is shown in Figure 7.3 for 

strain rate sP = I . 
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Figure 7.3 Stress - plastic strain relation for Inconel 718 (strain rate sP = I) 
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The shear friction model [13] was chosen for simulations of turning, due to the 

high stress level at the tool-chip interface resulting from the high strength oflnconel 

718. Contrary to the simple Coulomb friction model, the friction stress in the shear 

model depends on the equivalent stress in the material and not the normal force: 

jj 2 V 
CT" 5, -11 r. - sgn (v,) arctan(...L) , 

,,3 11: Vc 
(7.15) 

where 11 is a friction coefficient, jj is the equivalent stress, v, is a relative sliding 

velocity, and Vc is a critical sliding velocity below which sticking is considered. This 

resolves the problem of the unrealistically high friction force at high contact stresses 

inherent in the Coulomb model (see also Section 2.4 for the review of friction models 

in modelling of metal cutting). 

During the simulations, elements in the process zone could become highly 

distorted, leading to degradation in solution accuracy and premature analysis 

termination. An automatic remeshinglrezoning procedure is used in the workpiece 

and chip volumes, providing the new mesh when element deviation from its 

rectangular shape reaches the critical value. 

An important feature of the modelling of turning is a material separation criterion 

in front of the cutting tool. Different approaches can be used here, e.g. material 

separation along a predefined line, element deletion in the vicinity of the cutting tip, 

etc. (see Section 3.3 for a detailed description). In the initial FE model ofUAT (see 

Chapter 6), the separation was based on the critical-stress condition. In this Chapter, 

however, the deformation method, using a plastic flow of the material under the 

action of the moving cutting tool as a separation criterion, was chosen for numerical 

simulations due to its better convergence properties (see also Sections 3.4.1 and 3.4.2 

for the literature survey). 

Continuous chip formation is considered in the simulations. According to the 

results of the light microscopy and SEM tests (see Chapter 5), chips produced by 

VAT are invariably continuous, as follows from microstructural analyses of the chip 

cross-sections. The degree of segmentation in chips was higher for CT, though no 

shear bands were discovered. 

The coupled thermomechanical analysis is performed with a staggered solution 

procedure [13]: a heat transfer analysis is performed first, followed by a stress 

analysis at each time step (see Section 3.4.4 for more detailed description of the 
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staggered procedure). During the mechanical part of the analysis, heat generated by 
, 

plastic deformation and friction is calculated. The fraction of mechanical energy 

converted into thermal energy fJ (Taylor-Quinney coefficient [74]) is equal to 0.9 in 

simulations; this fraction is suggested as appropriate for metal plasticity in different 

studies, for example [15]. Thermal conductivity K and specific heat C for InconeI 

7 18 grow linearly from 12 W Im K and 440 J/kg K to 24 W Im K and 680 J/kg K , 

respectively, with an increase from room temperature Too to 900Q C (Figure 7.4). A 

coefficient of thermal expansion a increases nearly linearly from 12 x 10-6 QCI to 

15 x 10·· QCI
, as temperature grows from Too to 600QC, and then continues to grow 

up to 17xl0·· QCI
, as temperature rises to 900QC [120]. 
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Figure 7.4 Effect of temperature on physical properties of InconeI 718 

7.4 Results of simulations and discussion 

The cutting process in simulations of CT and VAT is modelled from the moment 

of the initial contact between the cutter and workpiece until a fully formed chip has 

been generated. The simulated cutting time is 3 ms for both CT and VAT, and it 

comprises 60 periods of ultrasonic vibration in VAT simulations, with each period 

covered by 80 time steps of 6.25.10-7 s. Hence, the total number of time increments 
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for a single VAT simulation is 4800, which requires in the case of the successful 

completion about 7 hours of calculation time on Pentium IV, 2 GHz workstation with 

512 Mb RAM. The large number of time increments chosen to simulate each cycle of 

ultrasonic vibration is dictated by the need to limit the maximum rate of the contact 

interaction between the workpiece and cutting tool in order to ensure the analysis 

convergence and better accuracy of produced results. As the relative velocity of the 

workpiece and cutting tool in eT simulations is several times less than that in VAT, 

larger time steps can be implemented. The simulation time of 3 ms is therefore 

divided into 1200 time steps of 2.5.10-6 in CT simulations that ensures significantly 

faster simulation times than those for the VAT model. 

Several case studies are performed in order to examine the effect of different 

thermal and contact parameters on features of the turning process (stress, strain and 

temperature distributions in the cutting zone) and to investigate the formation process 

and geometry of the chip. Two contact conditions are studied at the tool---chip 

interface: (a) a frictionless contact, and (b) a contact with friction (p = 0.5). In the 

former case, corresponding to the well-lubricated cutting process, heat generation 

occurs only due to plastic deformation processes. The latter case accounts for both 

heat sources (plastic deformation and friction) and also introduces an additional 

stress-generating factor in the cutting region, which affects the process of chip 

formation, as it will be shown below. The influence of the change in heat transfer 

parameters of the workpiece I tool system are also studied: convective heat transfer 

coefficient h and contact heat transfer coefficient H are varied in the following range: 

h = 50 + 500 W Im2K and H = 50,000 + 500, 000 W Im2K. 

Four stages of a cycle of ultrasonic vibration have been described in the previous 

Chapter (see also [129]) for an uncoupled mechanical formulation of the problem, a 

different material law and chip separation criterion. These stages - approach, 

penetration, unloading and withdrawal - are also studied in the present model. The 

contact between the cutting tool and the chip is continuous for CT and intermittent 

for VAT, with the duration of the contact depending on the kinematic relation 

between the vibration parameters if and a) and cutting speed Vc. For the current 

values of these parameters the cutting tool remains in contact with the chip 40% of 

the time. 
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As it was already described above in Section 7.2, temperature in the cutting zone 

is one of the most important factors in metal turning and can significantly influence 

the cutting process. Heat transfer processes are therefore studied in detail in the 

following paragraphs on a basis of comparison between CT and VAT. 

Temperature distributions in the chip and process zone are very similar for both 

CT and VAT for different values of h, H and j.J. A typical temperature distribution 

in the cutting region is shown in Figure 7.5 with the highest temperatures registered 

along the contact area at the tool--chip interface. This contact is along the line KE in 

Figure 6.1 at a contact length Le, with the values of Le observed in FE simulations 

also being similar for both VAT and CT. There is a range of parameters influencing 

temperature in the cutting tool, one factor is the ratio of the tool--chip contact time to 

the total process time. Other factors include friction at the tool--chip interface, 

contact heat conduction regulated by coefficient H, and, finally, the temperature 

distribution at the chip interface. The latter changes during the cycle of ultrasonic 

vibration due to the varying rate of plastic deformation caused by the rapidly 

changing strain rate for different stages of cutter - workpiece interaction. A steady 

increase in the temperature magnitude in the process zone, chip and cutting tool is 

caused by the work of plastic deformation and friction for both CT and VAT. 

Additional energy due to ultrasonic vibration causes higher levels of temperature for 

VAT, which can be explained at the micro level by the increased deformation rate 

linked to a growth in the interaction speed between the workpiece and tool. For the 

majority of cutting conditions, the chip and workpiece temperature stabilises at about 

2.5 ms after the simulation commence for both VAT and CT (Figure 7.7). Hence, 

analyses of temperatures in the cutting region are performed after this moment. 

However, the full saturation has not been observed within the simulation time for the 

cutting tool temperatures. This is understandable, since the full saturation of the tool 

temperatures, experimentally observed in the infrared thermography tests (see 

Chapter 5), occurs only after about a minute or two of turning, as compared to a 

much shorter (3 ms) simulation time. 

The temperature data for VAT simulations is given for time instants in the 

approach stage of the cycle of ultrasonic vibration just before the penetration stage, 

i.e. with the cutting tool not being in contact with the chip yet. It is important to point 

out that temperature of the cutting tip and in the cutting region attains somewhat 

higher levels in the penetration part of the cycle of vibration. Figure 7.6 demonstrates 
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evolution of the maximum temperature in the cutting region within a single cycle of 

ultrasonic vibration in UAT simula tions with friction . The difference between the 

peak temperature at penetration and temperature levels just before the tool hip 

contact reaches nearl y 50 °C. After the rapid temperature increase in the penetration 

stage, the temperature in the cutting region gradually declines in the unloading, 

withdrawal and approach stages of the cycle until reaching the lowest levels just 

before penetration. A similar behaviour is observed in the cutting tip, with 

temperature levels fluctuating considerably during the cycle of ultrasonic vibration in 

a s imilar manner. Here, the temperatures in CT and UA T are compared when the 

cutter does not contacts the chip, as there is a Iligh chance of the numerical error in 

the temperature estimation for the cutting tip at other time moments, due to the 

otherwise insignificant overl ap of the tool and chip nodes. 

Figure 7.5 Temperature di stTibution in the cutting region in UA T (h = 0.5 W/m2K , H 

= 50,000 W /m2K, fl. = 0.5, 1= 2 ms) 

Contact heat transfer coefficient H is a complex parameter that depends on contact 

pressure, parameters of the workpiece and too l, type of the I ubricant, cutting 

temperature and surface roughness. The interval fTom 50,000 to 500,000 W/m2K, 
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considered in thi s thes is, covers vanous magnitudes of H for studied cutting 

conditions and allows investigation of its influence on temperature distributions in 

the chip, workpiece and too l. Figure 7.7a and Figure 7.7b show temperature 

evolution in the cutting region fo r various values of I-I fo r UAT and CT, respecti vely. 

A tenfold change in contact heat transfer coefficient J-/ - fTOm 50,000 to 500,000 

W /m2K - produces significant alterations in temperatures in the cutting region. For 

H = 50,000 W /m2K, the maximum temperature levels, reached in the process zone 

of cutting, are 440°C and 4 10°C for UAT and CT, respecti vely, whereas for 

H = 500,000 W /m2K these temperatures are 395°C and 300°C, respecti vely. This 

result could be naturally explained by increased heat flux from the chjp into the tool 

wi th an increase in I-I. 
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Figure 7.6 Evolution of the maximum temperature in the cutting region within a 

single cycle of ultrasonic vibration in UAT simulations with friction (after 

temperature saturation in the cutting region) 

The case of free convection (without any coolant) corresponds to the value of 

convective heat transfer coefficient h = 50 W /m2K . With application of coolants the 

value of h grows and could reach 500 W /m2K fo r studied cutting conditions, with the 

value of h depending on properti es of coolants and the rate of their supply to the 

cutting region. Coeffi cient h insignificantly affects the temperature di stribution in the 
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cutting zone for both types oftuming in a similar way, as it is demonstrated in Figure 

7.7. The maximum magnitudes of temperature decrease by 15+20 °C for CT and 

UAT, respecti vely, for the increase in h !Tom SO to 500 W/m2K. Altering coefficient 
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Figure 7.7 Evolution of the max imum temperature in the cutting region in 

s imulati ons ofUAT (a) and CT (b) with friction for different combinations of heat 

transfer parameters: (I) h = 0.05 W Inl K, [-J = 500,000 W Im2K; (2) h = 0.5 

W/m2K, [-J = 50,000 W/m2K; (3) It = 0.05 W/m2K, [-J = 50,000 W/m2K 
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h in thi s range does not affect temperatures in the cutting tool, as it wi ll be shown 

below. The influence of parameter h on simulation results is so negligibly small 

onl y due to extremely short simulat ion time. As an increase in the coefficient h 

corresponds to introduction of coolant in the cutting region, it should influence 

temperatures in both the chip and tool considerably more for larger cutting times. 

The only way to increase the influence of h on temperature levels within short 

s imulation times is to use otherwise unrea li sti call y high magnitudes for it. 

The obvious decrease in the workpiece temperature is obtained in simulat ions of 

frictionless conditions (Figure 7.8), as heat generation due to friction is removed, 

wi th temperatures reaching approximately 380°C and 350°C compared to 440°C and 

410°C for UAT and CT, respectively, in the analyses with fTiction. Sti ll , temperature 

levels in UAT are higher than those in CT, demonstrating that thi s temperature 

di fference cannot be attributed to only fri ctional effects. It is worth mentioning that 

the nature of friction and, consequentl y, the friction law is assumed in thi s thesis to 

be the sam e for both CT and UA T. 
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Figure 7.8 Evolution of the maximum temperature in the cutting region in 

fTi ctionless CTand UAT simulations (Ji = O, h = 0.05 W /m2K , H = 50,000 W /m 2K) 
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Maximum temperature levels in the process zone and chip invariably higher in 

UA T simulations for various combinations of the coeffi cients for convecti ve heat 

tran fer (h), contact heat transfer (H) and fTiction (p) than those in CT simulations. 

It is, however, discovered that the relati ve temperature di fference between UAT 

and T depends on the va lue of H in FE simulations, growing from 5 % to 17 % for 

an increase in H from 50,000 to 500,000 W/m2K . The relati ve temperature 

di fference is nearl y insensitive to changes in the convecti ve heat transfer coeffi cient 

or absence/presence of fri ction at the tool- chip interface, varying within I %. The 

result s fo r va lues of H = 50, 000 W/m2K are in good agreement with the infrared 

thennography data: experimental tests indicate 4+6% increase in temperatures for the 

process wi th superimposed ultrasonic vibration compared to CT. 

The study of cutting tool temperatures is also carried out in tenns of FEA for both 

CT and UA T. The maximum temperature in the tool is obtained in the cutting tip 

(point E in Figure 6. 1). A nearl y steady increase in the cutting-tip temperature is 

observed in simulations from the moment of the init ia l contact between the tool and 

workpiece to the final moment of simulations ( l = 3 ms) (Figure 7.9). The final 

temperature magni tudes are about 160°C and 140°C for UA T and CT, respecti vely. 
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Figure 7.9 Evolution of the cutting-tip temperature in simulations ofCT and UAT 

with fri ction (p = 0.5, h = 0.05 W/m2K, H = 50,000 W/m2K) 
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Nevertheless, it is worth noticing that the relative temperature di fference between 

the in iti al and final levels is by 35 % larger in CT simulations, with fina l UAT 

temperatures bei ng higher only due to the initial heating of the tool at UAT. Still , FE 

simulat ions are in good agreement with our experimental results, also indicating 

insignificantly higher temperatures for the UAT tool. 

The absolute magnitude of the cutting-tip temperature IS probably not as 

important as thi s qualitati ve result, because it depends on the friction and contact 

heat transfer coefficient, with the latter affected by the nature of the contact, type of 

materi als and use of lubricants, thus its specific magnitude can be obtained only by 

laborious experiments for given cutting conditions. In addition, the simulation time is 

by several orders of magnitude lower than the time required for temperature in the 

cutting tool to reach the steady state. The latter time is several seconds as observed in 

infrared thermography experiments described in Section 5.5. 

The evolution of cutting tip temperatures is also analysed for the fri ctionless case 

(Figure 7. 10). Simulations demonstrate onl y a marginal increase in the tip 

temperatures for both UAT and CT (specifically, by 10°C and 35°C for UAT and 

CT, respecti vely). This shows that the temperature increase in the cutting tool is 

largely due to fri cti onal interaction between the tool and chip (at least, for the 
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Figu re 7.1 0 Evolution of the cutting-tip temperature in fi'ictionless simulations of CT 

and UAT (the same conditions as in Figure 7.9) 
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used H = 50,000 W/m2 K). As in si mulations with friction, the tip temperature in CT 

grows faster than that in UAT, in spite of the final temperature being higher for 

UAT. 

The distribution of temperature in the cutting tool is examined after 2.5 ms of 

cutting for both UAT and CT along the clearance face of the tool (in the direction 

tangential to the workpiece surface) . A steady exponent ial decrease from the 

max imum at the cutting tip to nearl y room temperature (in the case of CT) or initial 

tool temperature T,,,, = 75 °C (in the case of UAT) in distant parts of the tool is 

observed (Figure 7. 11 ). The rate at which temperature diminishes in the cutting tool 

(a) 215 1 

u 195 
° ---2 

Cl> 175 .... 
:::l 

155 .... 
ns 

-.-3 
.... 
8. 135 

~ 11 5 
..... 

95 

75 

0 0 .1 0 .2 0 .3 0.4 0 .5 

Distance from the tip, mm 

(b) 220 
-+- 1 

u 
° 170 ---2 

Cl> .... 
:::l .... -.-3 
ns 120 .... 
Cl> 
Q. 

E 
Cl> 70 ..... 

20 f-
0 0.1 0 .2 0.3 0.4 0 .5 

Distance from the tip, mm 

Figure 7. 11 Temperature di stribution in the cutting tool along the clearance face of 

the tool starting from the tool tip in simulations ofUAT (a) and CT (b) with friction 

(t = 2.5 ms) (the same conditions as in Figure 7.7) 
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is noticeably higher than that in the workpiece material due to a sub tantially higher 

value of the thennal conducti vi ty of tungsten carbide (about 60 W/m2K) compared to 

that of In cone I 7 18 (about IS W /m2K). Figure 7. 11 also illustrates the dependence of 

the temperature level in the tool on magnitudes of the heat trans fer parameters h and 

H . A tenfold increase in the convecti ve heat transfer coeffi cient h from O.OS to 0.5 

W /m2K does not affect tool temperature magnitudes, whereas a ri se in the contact 

heat transfer coeffi cient H from SO,OOO to SOO,OOO W /m2K leads to a s ignificant 

temperature growth in the too l. This is in good agreement with the theory since 

parameter H regulates the va lue of the thermal flux between the chip and tool, with 

heat conduction increas ing with its growth. The relati ve difference between 

maximum temperature levels for CT and UAT vanishes in the case of H = SOO,OOO 

W /m2K 

A comparison of the temperature di stributions in the cutting tool along the rake 

face of the tool (in the direction radial to the workpiece surface) shows results similar 

to those along the clearance face. The temperature rapidl y dimin ishes with the 

di stance from the cutting tip reaching its initial levels at about O.S mm from the tip 

for both UA T and CT (Figure 7. 12a and Figure 7. 12b, respecti vely) . Nonetheless, for 

CT the temperature curve is considerably fl atter in the first 0.1 mm from the tip. This 

difference shou ld be att ributed to di fferent contact conditions at the tool- chip 

interface for CT and UA T. 

The effect of the feed rate on the cutting-too l temperatures in CT and UA T is a lso 

studied with FE simulations: uncut chip thickness (I , ) is reduced from 0.1 mm to 

O.OS mm (other parameters of simulation being h = O.OS W /m2K, H = SO,OOO 

W /m2K , f..L = O.S ). Such a reduction leads to a decrease in the max imum temperature 

levels in the cutting region from 440°C to 400°C and from 410°C to 37SoC for UAT 

and CT, respectively, as compared to simulations with I, = 0. 1 mm. A drop in the 

cutting-tool temperature is also observed: it diminishes at 1 = 2 .S ms from ISSoC to 

12SoC and from 130°C to lOO°C for UA T and CT, respecti vely. This temperature 

reduction reproduces experimental results and is naturally explained by the decrease 

in the amount of material being removed per unit time. 

Heat transfer between the chip and tool in UAT obviously occurs only during the 

time of their intennitt ent contact, compared to pennanent-contact heat transfer in CT. 

Such a contact leads to a reduction in the total time of thennal conduction between 
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the cutter and chip, and, consequently, cooling due to the convective heat transfer to 

the environment. However, as both experiments and FE results show, thi s cooling 

does not play as signifi cant ro le as the increase in cutting-too l's temperature during 

the contact time, which results in higher tool temperatures in UA T as compared to 

those in CT . 
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Figure 7.12 Temperature di stribution in the cutting tool along the rake face o f the 

too l starting rrom the tool tip in simulations ofUAT (a) and CT (b) with friction 

(J.l = 0.5 , 1= 2.5 ms) (the same conditions as in Figure 7.7) 
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Noti ceable differences are observed between chip shapes obtained In FE 

simulations with and without fri ction for both CT and UA 1'. Chips in simulations 

with friction are found to be thicker than tbose in simulations wi thout friction. The 

chip thickness ratio r =', /1" that is the ratio of thickness of the Wlcut chip to that of 

the deformed one, equals 0.6 and 0.7, respective ly, fo r simulations with and without 

friction, for both modelled cutting techniques. Thus, no significant differences 

between CT and UA T are found in the value of r for the same friction conditions. 

This numerical result coincides with experimental studies showing only insignificant 

variations in chip thickness for both cutting schemes. The chip formation process 

demonstrates a larger (20%) radius of curvature of the chip for CT compared to UA T 

in simulations with and without friction. In addition, the radius of curvature under the 
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Figure 7.13. Equivalent plastic strains in the cutting region in simulations of CT wi th 

(la) and witbout ( lb) friction, and UAT with (2a) and without (2b) frict ion 
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fri cti on less contact condition at the too l- chip interface is approximately two and a 

half times smaller than that for the contact with fri ction in both cutting processes 

(Figure 7. 13); thi s is supported by (uming experiments with di fferent lubricants, 

showing higher va lues o f the radius of curvature for dry turning. 

An equivalent plasti c strain ( c P ) is compared fo r CT and UAT simulations since 

it represents an important feature of the defo rmation processes. The maximum 

magnitudes of eP observed in the cutting region in UA T simulations range from 1.5 

to 1.7 (Figure 7. 13), which is about 15-20 % higher than in CT s imulations for all 

fricti on and thennal conditions. A compari son between simulations with and without 

fri cti on shows somewhat higher magnitudes of equivalent plasti c strains (by 5-7 %) 

for the fri cti onless conditions. This may demonstrate the higher defomlation levels 

for the fri cti onless analyses for both CT and UAT leading to more curled chips, i.e. 

chips with a smaller radius of curvature. This phenomenon is observed both in 

fri ction less numeri cal simulati ons and well-lubricated cutting tests for both CT and 

UAT. 

In order to compare the influence of the conventional and ultrasonica ll y assisted 

cutting processes on properties of the treated workpiece, res idual plasti c strains are 

estimated in the newly formed workpiece surface in areas situated suffi cientl y behind 

the separation region to exclude the effect of transient conditions in the process zone. 

Figure 7. 14 illustrates the distribution of the equi valent plasti c strains along the radial 

direction starting from the workpiece surface. A fast exponential decrease in eP 

levels from max imum magnitudes at the workpiece surface to practi call y zero levels 

at the 200 f.UTI depth is detected for both treatments, with the level of cP at the 

surface being 20-25 % higher for UAT in comparison to CT. Starting from a certain 

depth (100 Ilm and 75 Ilm fo r simulations with and witho ut fri ction, respectively), 

the levels of cP are nearly the same for both cutting teclmiques. 

Numerica lly calculated plastic strain rates t p attain a maximum value of 

approximately 105 
S· I in the process zone in UAT simulations during the penetration 

part of the cycle o f ultrasonic vibrat ion, when the cutter moves in the direction 

opposite to the rotating workpiece, thus separating a chip. However, due to the 

intennittent nature of the contact between the chip and cutting too l (discussed in 

detail in [1 29]), t p drops down to zero at the unloading stage of the cycle and stays 

at that level till the next penetrati on stage commences. On the contrary, the 



Chapter 7. Coupled thennomechanical simulations: defonnation-type model 169 

magnitude of t p in CT simulations is nearly constant and equals about 2 ·IO'S·I . 

Obviously, thi s difference in strain rates increa es the value of yield strength u y by 

15% and 13%, respecti vely, for UA T and CT, compared to the quasi static U y , due 

to the 10hnson-Cook materi al model used in simulations. Ri se in the U y magnitude, 
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Figure 7. 14 Residual equivalent plasti c strains in the machined layer (0.5 mm behind 

the cutting tip) in CT and UAT simulations (a) with and (b) without friction. 

Distance D is counted from the workpiece surface in the radial directio n. 

in it turn, leads to greater levels of work required for the cutting tool to perform the 

separation of the chip, and, consequentl y, to greater amounts of heat generated in the 
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cutting region due to plastic defonnation within the penetration stage of the cycle of 

ultrasonic vibration in simulations of UA T. However, nearl y no heat is produced in 

other tages of the vibration cycle that eventuall y leads to approx imately equal 

overall heat generation for both techniques, as soon as the final difference in 

temperatures between CT and UAT is about the initial difference of 40° C in the 

cutting tip temperature. 

The intermittent character of the chip - cutting too l interaction determines the 

mai n differences in the stress di stribution for CT and UAT. The modelled stress state 

during CT (Figure 7. IS) is nearly quasistati c with the lUghest equi valent (von Mises) 

stre ses concentrated in the primary and secondary shear zones, i.e. zones around line 

BE (Figure 6.1) and nex t to the rake face EK, and attaining magnitude up to 

1600-;- 1700 MPa. The width of the region along the shear plane with the equi va lent 

stress exceeding 13S0 MPa is about 60 flm . 

On the contrary, the stress state in UAT is inherently transient and changes for 

di ffe rent stages of the cycle of ultrasonic vibration. The stress di stribution in the 

penetration stage of the cycle (Figure 7. ISc) is somewhat ana logous to that of CT 

with the max imum equi va lent stress also reaching some 1600 MPa. The stresses 

exceeding 1350 MPa are, however, concentrated in the narrower stripe of about 40 

flm, propagating from the back s ide of the chip in the direction of the tool tip, but not 

reaching it. This zone of the highest stresses does not occupy the region in the 

secondary shear zone as that in CT either. When the unloading stage of the cycle of 

ultrasonic vibration commences, the magnitudes of the equi valent stress rapidly 

decline; the zones with high stress levels start to shrink in the directions of the tool 

tip E and towards the chip 's back side B. After thi s quick transitional process that 

takes place at the unloading stage of the cycle, the stress di stribution in the process 

zone remains fa irl y quasistatic within the withdrawal and approach stage of the cycle 

(Figure 7.I Sd and Figure 7. ISb, respectively). This distribution is characteri sed by 

low levels of the highest stresses concentrated in the direct vicinity of the tool tip 

with their magnitudes not exceeding about 1000 MPa. The highest equi va lent stress 

at the withdrawal and approach stages is s ituated al the chip 's back side (around 

point B) occupying only margina l area with their levels hard ly reaching 1200 MPa. 

As soon as the 1001 comes into contact with the chip again at the nex t penetration 

stage, the max imum stress levels quickly rega in the high levels of about 1600 MPa, 
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and the cycle repeats. Hence, the maximum stress magnitude is considerably lower 

and areas occupied by high stresses are significantly smaller at the withdrawal and 

approach stages of the cycle of ultrasonic vibration than those at the penetration 

stage. Consequently, as these two stages comprise about 60 % of the total cycle 

duration (for chosen cutting speed and the vibration parameters), the mean values of 

stresses obtained in UAT simulations are significantly lower than those in CT, 

leading to lower mean cutting forces in the cutting process. The cutting forces in 

simulations ofCT and UAT will be described below. 

Figure 7.15 Distribution of equivalent Cvon Mises) stresses in CT (a) and UAT at 

different moments ofa single cycle of vibration: tool approaches the chip Cb), tool in 

full contact with the chip Cc), and tool moves away from the chip Cd) 

The distribution of shear stresses (er..,. ) is studied in CT in comparison with UAT. 

As it is with equivalent stresses, the shear-stress distribution is quasistatic throughout 

CT simulations (after the initial transient stage) with highest levels of negative shear 

stresses concentrated in the vicinity of the tool tip and at the back side of the chip 



Chapter 7. Coupled thermomechanical simulations: deformation-type model 172 

next to the shear plane and reaching - 800 MPa (Figure 7.16a). The area with 

negative stresses below - 270 MPa is situated somewhere below the shear plane (BE 

in Figure 6. I) and ex tends by 350 Ilm in the direction normal to it. Maximum levels 

Figure 7.16 Distribution of shear stresses in CT (a) and UA T at the penetration stage 

of the cycle of ultrasonic vibration Cb) and when the tool in not in contact with the 

chip (c) 

of positive shear stresses are situated at the back side of the chip occupying only a 

small area, however, their appearance may be caused by the numerical error of FE 

simulations. The distribution of the shear stresses in UAT is essentially transient and 

changes drasti cal ly for various parts of the cycle of ultrasonic vibration depend ing on 

whether the cutting tool is in contact with the chip or not. At the penetration stage o f 

the cycle the di stribution of shear stresses is very similar to that in CT with their 

maximum magnitudes (for negative shears) attaining 800 MPa. The zone with shear 

stresses below - 270 MPa is somewhat smaller than that in CT and extends by some 

250 Ilm in the direction normal to the shear plane. As soon at the cutting tool starts to 
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withdraw from the chip, shear stresses in the cutting region change their direction, 

and thus thei r negative part disappears. Positive 0" xy ranges at tbese non-contact 

stages from 0 to 650 MPa with its ma-x imum magnitudes situated in the vicinity of 

point E (see Figure 6. 1). When the cutting tool re-engages with the chip, the sign of 

0" xy changes again and the UA T cycle repeats. 

A compari son of minimum principal stresses ( 0"3 ) between CT and UA T 

simulations once again shows a similarity between the stress distribution in CT and 

at the penetration stage of the cycle of ultrasonic vibration (Figure 7. 17). Max imum 
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Figure 7.17 Distri bution of minimum principal stresses in CT (a) and UAT at the 

penetration stage of the cycle of ul trasonic vibration (b) and when the tool in not in 

contact with the chip (c) 

magni tudes of compressive stresses are situated next to the point B and along the 

contact length. The zone with high compressive principal stresses lower than 1270 

MPa occupies an area roughly of a tri angle fo rmed by the points B, E and K (see 

Figure 6. 1). Maximwn magnitudes of the principal stress reach about -2000 MPa for 
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both CT and UAT. A big di fference is aga in observed for the stages of the UAT 

cycle when the cutting too l does not contact the chip: principal stresses lower than 

1270 MPa occupy onl y a small area next to the point E, with their max imum levels 

reduced to - 1300 MPa. 

Cutti ng forces are studied with in a single cycle of ultrasonic vibration (Figure 

7.18). The magnitu des of cutting fo rces at each time instant depend on the intensity 

of the stresses normal to the rake face of the too l. Logicall y, the fo rce level increases 

when the penetration stage of the cycle o f ultrasonic vibration begins. The cutting 

fo rce grows unti l the moment of the max imum penetration, attain ing levels 

somewhat Il igher than average forces in CT. The fo rce magn itude starts to decl ine at 

the unloading stage unti l it vanishes when the cutter separates from the chip and 

starts to move away fro m it. The fo rce stays close to the zero level unti l the cutter 

comes into contact with the chip aga in at the next cycle of ultrasonic vibration. Low

level fluctuations of the cutting force at the withdrawa l and approach stages of the 

cycle are explained by the remaining contact between the cutter and freshly formed 

workp iece surface, as well as by the numerical error of the FE s imu1ations. 
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Figure 7.18 Evolution of forces acting on the cutting too l within a single cycle of 

ul trasonic vibration in UA T and average cutting fo rces in CT (I, = 0. 1 nun , Vc = 3 1 0 
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The mean values of cutting forces are estimated for various heat transfer, contact 

and cutting conditions for both CT and VAT. Theoretically, the cutting forces are 

proportional to the contact area between the chip and the cutting tool. The contact 

area, in its turn, should be proportional to both uncut chip thickness (that corresponds 

to the feed rate) and cutting edge engagement length (that corresponds to the depth of 

cut). In two-dimensional simulations, the latter parameter corresponds the workpiece 

thickness ( w). This thickness is varied between 0.1 and 10 mm in order to study its 

influence on the results of simulations. As expected, w does not influence stress 

distributions in the cutting region or cutting temperatures. In fact, w affects only 

cutting forces, which are decreasing proportionally when w is reduced in 

simulations. This allows to keep constant w = I mm in all simulations, as the cutting 

forces can be easily recalculated for various w, thus enabling to estimate forces 

acting on the tool for different feed rates in real turning tests. In order to compare 

simulated and experimentally produced cutting forces, experimentally obtained chip 

cross-sections were analysed and the parameter w was chosen so that the simulated 

cross-sectional area A = w· 12 equates the experimentally obtained one. 

The mean magnitudes of cutting forces in VAT are 60 N for Jl = 0.5 and 45 N for 

frictionless contact, respectively (other simulation parameters are If = 0.1 mm, 

Vc = 31 0 mm/s, h = 50 W/m2K, H = 50,000 W/m2K). The respective magnitudes 

mean cutting forces in CT simulations for contact with and without friction are 220 

and 175 N. Hence, superimposition of ultrasonic vibration leads to 3.5+4 times 

reduction in the cutting forces for various friction conditions. Once again, the 

reduction in mean cutting forces for VAT as compared to those in CT is in good 

agreement with the experimental results described in Section 5.6, as well as with 

other reported results (for example, [18, 85]). 

The simulations with various magnitudes of heat transfer parameters do not 

produce significant changes in the cutting force. Varying contact heat transfer 

coefficient H from 50,000 to 500,000 W/m2K and convective heat transfer 

coefficient h from 50 to 500 W Im2K results in less than 5% changes in the cutting 

force. The decrease in the cutting speed from 310 mm/s to 155 m/s increases the 

cutting force in CT simulations by 6%, which correlates well with experimental 

results (Section 5.6), indicating a similar drop in cutting forces for higher rotational 

speeds. The uncut chip thickness (If) was varied between 0.1 and 0.05 mm, in order 
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to simulate the effect of the changing feed rate in turning tests. A reduction in t, 

from 0.1 to 0.05 mm results in a decrease in the cutting force from 220N to 140 N in 

eT simulations, i.e. by 1.6 times. This is in very good agreement with experimental 

results demonstrating 1.5 times decrease in the cutting force when the feed rate is 

changed from 0.05 mm to 0.1 mm. Finally, the influence of the rake angle on the 

cutting force is studied. The rake angle in VAT simulations is increased from 

r = 7S to 30°, leading to natural decrease (by 25%) in the level of cutting forces. 

The distribution of the stresses normal to the rake face of the tool are analysed at 

the penetration stage of the cycle of ultrasonic vibration in a VAT simulation and at 

an arbitrary time instant in a eT simulation (Figure 7.19). Normal stresses grow 

starting from the tip of the cutting tool, attain the maximum levels somewhere in the 

middle of the contact length, and then gradually decrease towards the end of the . 

contact length where the chip separates from the cutting tool. The magnitudes of Le 
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Figure 7.19 Distribution of normal stresses along the contact length Le at the rake 

face of the tool in eT and at the moment of maximum penetration in VAT (the same 

parameters as in Figure 7.18) 

fluctuate during the FE simulations, however, on average, they are somewhat similar 

for both eT and VAT and equal about 0.15 mm. In the fiictionless case (J1 = O), the 
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value of Le decreases to 0.1 mm for both UAT and CT, which correlates well with a 

decrease in the chip's radius of curvature in this case in comparison to simulations 

with friction. 

It is worth noticing that changing stress distributions for U AT observed in current 

simulations are similar to those obtained with separation-type model described in 

detail in Chapter 6 and [129]. 

The imposed due to ultrasonic vibration fatigue loading conditions can cause 

premature wear of the cutting tool, as reported in [2]. Additional FE research with a 

defonnable cutting tool can be useful to analyse this issue, thus the possible model 

development would be also accounting for defonnation processes in the tool. 

7.5 Concluding remarks 

A thennomechanically-coupled FE model ofUAT and CT are used to investigate 

the influence of various cutting, heat-transfer and friction parameters on thennal and 

mechanical features of these cutting processes. The model incorporates a number of 

enhancements compared to the uncoupled mechanical model for turning presented 

earlier in Chapter 6. These improvements include an advanced material model for 

Inconel 718 accounting for strain-rate effects, nonlinear hardening and temperature

dependent material properties, friction at the tool-chip interface and heat conduction 

into the tool as well as convective heat transfer. 

Simulations demonstrate considerable differences in the stress state, defonnation 

processes and thennal characteristics between two machining techniques. 

Experimentally observed drastic changes in cutting forces are reproduced in 

simulations. The calculated stress distribution in the cutting region is studied for CT 

and different stages of the cycle of ultrasonic vibration for UAT. The similar 

maximum values of stresses are observed for both technologies. Nevertheless, unlike 

the quasistatic stress distribution during CT, the stress state at UAT changes 

significantly within a cycle of ultrasonic vibration, with the highest values of stresses 

attained only during a part of it. As a result, average cutting forces are up to four 

times smaller for UAT. 

It is shown that an increase in contact heat conduction between the chip and 

cutting tool leads to a significant growth in the cutting-tip temperature and a decrease 

in temperatures in the chip and workpiece. Frictionless analyses result in a very small 
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rise in the tool's temperature, justifying the significant effect of friction on resultant 

temperatures in the tool. The relative temperature difference between CT and VAT is 

insensitive to changes in convective heat transfer and friction. An increase in contact 

heat conduction, however, results in the change of temperatures at VAT from 5% to 

15% as compared to ones at CT. The former number is in good agreement with the 

infrared thermography data. 

The maximum magnitudes of equivalent plastic strains observed in the cutting 

region in VAT simulations are about 15-20% higher than those in CT simulations for 

all combinations of friction and thermal conditions. No significant difference 

between CT and VAT in terms of plastic strains is discovered in simulations with 

and without friction. Residual plastic strains in the machined layer decrease 

exponentially from the workpiece surface, with the level of iiP at the surface being 

20-25 % higher for VAT in comparison to CT. Starting from about 1 00 ~m from the 

workpiece surface, levels of iiP are nearly the same for both cutting techniques. A 

conclusion is drawn that a proper analysis of the influence of machining on the 

surface structure requires introduction of additional microstructural features into FE 

simulations. 

Chips, formed during simulations of cutting, are compared for cases with and 

without friction. A larger (by 20%) radius of curvature of the chip is found in CT as 

compared to VAT in simulations in both cases. It is noted that the chip thickness 

ratio attains higher values and that the radius of curvature of the chip is about two 

and a half times smaller in the frictionless case than that in the analysis with friction 

for both CT and VAT. 
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Cbapter S Conclusions and 

recommendations for future work 

8.1 Conclusions 

The thesis was aimed at improving the understanding of the mechanics of the 

UAT process. The means of achieving this aim were the literature survey, 

experiments and numerical simulations. Various experiments have been carried out 

in order to study mechanical and heat-transfer processes involved in UA T, including 

microstructural analyses of machined workpieces and produced chips, high-speed 

filming and infrared thermography as well as real-time force measurements of 

cutting. These experiments were also used to validate the developed two-dimensional 

FE models for both UAT and CT. These numerical models allow predictions of the 

stress-strain distributions in the cutting region, cutting forces, and heat-transfer 

processes in both the workpiece material and the tool. Most importantly, the 

developed models adequately reflect experimental results. Following the list of 

objectives set in Introduction (see Chapter I), the PhD research study has brought the 

results described below. 

The historical development of UAT and state of the art in this area 

The literature survey has shown that various practical attempts have been made to 

apply UA T for cutting various types of materials, including plastics, composites, 

structural steels, and intractable alloys. It was also discovered that the majority of the 

research on UAT has been focused on technological aspects of the problem, such as 

design of the UAT system, and on the influence of vibration and cutting parameters 

on the system performance. However, there was little information found on 

thermomechanical processes involved in UAT,justifying the objectives set for this 

thesis. 



Chapter 8. Conclusions and recommendations for future work 180 

Experimentation 

1. Thermomechanics of deformation processes and dynamics of the tool-

work piece interaction 

• High-speed filming experiments showed that the area of the visible process 

zone for VAT and its width in the radial direction were considerably smaller 

than those for CT. Defonnation processes in VAT were localized in the direct 

vicinity of the cutting edge along the surface of the workpiece and were not 

observed underneath the clearance face of the tool at the newly fonned surface 

layer, in contrast to the CT process. This result was in good agreement with 

nanoindentation tests, indicating a much thinner hardened layer formed In 

workpieces machined with VAT compared to those machined with CT. 

• High-speed filming also showed that the chip formed in VAT was fonned 

nearly in the radial direction very close to the cutting tool surface, whereas the 

chip in CT shifted much further from the cutting tool that leads to a more 

curled chip. This correlates well with a subsequent chip analysis, which 

indicated that the chip radius of curvature was up to 2 times higher for VAT 

than for CT for dry cutting conditions. The explanation for this 

macroscopically observed behaviour is the difference in chip-formation 

mechanisms: continuous for VAT and step-like for CT. 

• Application of ultrasonic vibration significantly reduced the level of chip 

segmentation compared to that ofCT. 

• The value of the shear angle in VAT was by 20° greater than that in CT as 

discovered from SEM of produced chips. Hence, the length of the shear plane 

was smaller in VAT as compared to that in CT; this led to easier shearing of 

the material along the shear plane in VAT and, consequently, to smaller cutting 

forces in VAT. This was another factor contributing to the experimentally 

observed force reduction in VAT. 

• A highly deformed surface layer of 10 and 2 fJ.IJl for CT and VAT, 

respectively, was discovered along the tool side of chips with SEM. The 

difference indicated more spatially localised effect of the VAT process in 

comparison to eT. It also can be explained by the different character of the 

friction and thermal processes in VAT, caused by the intennittent contact 

between the chip and cutting tool, in contrast to the constant contact in CT. 
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2. Influence of the cutting process on the properties of treated materials 

• Light microscopy tests showed an affected subsurface layer, some 15 J.1Ill 

thick, for in the case of VAT. There were no visible alterations in the grain 

structure of the surface layers for the workpiece machined with CT. 

• SEM tests detected an affected subsurface layer of about 30 to 40 J.lm in 

workpieces machined with UAT. There were no visible changes observed in 

the microstructure of CT-machined workpieces apart from a thin layer of about 

3 J.1Ill. 

• Nanoindentation tests indicated that the average thickness of the hardened 

subsurface layer is by 70 % higher for the CT-machined workpiece than that 

for the UAT-machined one (85 I!m and 50 J.lm, respectively). The average 

hardness of this subsurface layer for UAT (about 15 GPa) was about 60 % of 

that for CT (25 GPa) and closer to the hardness of the untreated material (about 

6.5 GPa). This result demonstrated that the actual thickness of the hardened 

layer was greater than visually observed with light microscopy and SEM. 

3. Heat transfer in the work piece material and into the cutting tool 

• The initial temperature of the cutting tip in UAT prior to the engagement with 

the workpiece was higher than room temperature and measured to be about 

75°C. This can be explained by the dissipation of the ultrasonic-vibration 

energy. 

• The relative difference in the cutting-tip temperature between CT and UAT 

while cutting InconeJ 718 varied insignificantly (4+8 %, depending on the 

cutting conditions) and could largely be attributed to the initial preheating of 

the cutting tool in UAT and not to the result of cutting itself. In fact, in some 

cases the relative difference between final and initial (before engagement with 

the workpiece) temperature was even larger for CT. 

• An experimentally obtained difference between maximum temperature in the 

chip in the processing zone and temperature in the tool tip was significant and 

ranged between 10 and 20 % for both CT and VAT. This was also reproduced 

is FE simulations and attributed to the thermal contact resistance between the 

tool and the chip. 
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4. Cutting forces 

• The cutting force in UAT of Inconel 718 ranged from 100 to 250 N for 

various combinations of the process parameters. The force in UAT was from 

1.5 to 4 times lower compared to that in CT. 

• Cutting force measurements also demonstrated that: 

~ Higher cutting speeds led to lower cutting forces. This can be explained 

by the reduced dynamic fracture toughness of the machined material for 

higher strain rates resulting from higher cutting speeds. 

~ Higher feed rates resulted in greater cutting forces due to increased 

material removal rates. 

~ Sharper tools (with a larger rake angle) led to lower cutting forces 

~ Cutting forces decreased by 15-40 % for lubricated cutting conditions as 

compared to dry turning 

Numerical (FE) simulatious ofUAT 

The two-dimensional FE models of UAT and CT have been developed. The 

results of simulations correlate well with the experimental results. The numerical 

models include such advanced modelling features as thermomechanical coupling, 

dynamic transient formulation and contact interaction with friction at the tool-chip 

interface, as well as an account for non-linear material hardening and strain-rate 

sensitivity. 

1. Thermomechanics of the of the tool-chip interaction 

• The following main stages of the cutting process during a single cycle of 

ultrasonic vibration were observed: approach, penetration, unloading and 

withdrawal. During the approach and withdrawal stages (that take 60 % of the 

cycle time for chosen vibration and cutting parameters) the cutting tool did not 

contact the chip, but still remained in contact with the workpiece. At the 

penetration stage the cutter contacted the chip and penetrated into the 

workpiece causing the chip separation. At the unloading stage the tool moved 

in the opposite to cutting direction, but remained in contact with the chip for 

about 10-15% of the cycle time due to the elastic spring-back effect until the 

tool finally withdrew from the chip. 
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• FE results indicated a nearly twofold increase in the radius of curvature of the 

chip under the frictionless contact condition at the tool-chip interface. This is 

in good agreement with the experimental results showing that application of 

lubrication to the cutting region increased the value of the radius of curvature 

in up to 2 times for both techniques, and confirms the dominant influence of 

friction on the radius. 

• The magnitude of the contact I ength between the chip and the cutting tool 

changed in simulations of VAT between a zero and maximum level within a 

cycle of ultrasonic vibration. The maximum magnitude of the contact length in 

VAT was similar to its quasi static value in CT. In the frictionless case, the 

value of contact length decreased by 30 % for both VAT and eT, which 

correlates well with a decrease in the chip's radius of curvature in this case in 

comparison to simulations with friction. 

• No significant differences between eT and VAT were found in the chip 

thickness for the same friction conditions. This numerical result coincides with 

experimental studies showing only insignificant variations in chip thickness for 

both cutting techniques. 

2. Stress-strain distributions in the cutting region 

• The intermittent character of the chip - cutting tool interaction determined the 

main differences in the stress distribution for eT and VAT. The modelled 

stress state in VAT was inherently transient as compared to nearly quasistatic 

one in simulations of eT. The stress state in VAT changed for different stages 

of the cycle of ultrasonic vibration. The stress distribution in the penetration 

stage (that takes 25% of the cycle time) was somewhat analogous to that of eT 

with maximum achieved stresses being slightly higher than those in eT. 

However, stress levels in UAT were considerably lower than those in eT for 

about 60% of the cycle time. As a result, the mean values of stresses obtained 

in simulations of VAT were significantly lower than those in eT. 

• The maximum magnitudes of equivalent plastic strain observed in the cutting 

region in simulations of VAT were about 15-20 % higher than those in 

simulations of eT for all friction and thermal conditions. A comparison 

between simulations with and without friction showed slightly higher 

magnitudes of equivalent plastic strains (by 5-7 %) for the frictionless 
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conditions. This demonstrates the higher deformation levels for the frictionless 

analyses for both eT and UAT leading to more curled chips (i.e. chips with a 

smaller radius of curvature) registered in the frictionless case. 

• Numerically calculated plastic strain rates attained a maximum value of 

approximately 105 
S·l in the process zone in simulations of UA T during the 

penetration part of the cycle of ultrasonic vibration, whereas strain rates 

practically vanished at the other stages of the cycle. The magnitude of strain rates 

in simulations of eT was nearly constant and equalled about 2 ·to4 
S·l. Greater 

strain rates normally lead to a higher reduction in the dynamic fracture toughness 

of the workpiece material in UAT, leading to easier material separation and, 

consequently, lower cutting forces in UAT in comparison to eT. 

3. Cuttingforces 

• . Lower values of average stresses in simulations of UAT naturally resulted in 

smaller forces acting on the cutting tool. Ultimately, FE simulations showed that 

superimposition of ultrasonic vibration led to the fourfold reduction in the cutting 

forces for various friction conditions as compared to those in eT. This was in 

good agreement with the experimental force-measurement results. 

• FE simulations indicated smaller forces acting on the shear plane in UAT than 

those in eT, thus reflecting the reduced possibility of large slips along the 

shear plane for UAT. This correlates well with experimental results showing a 

reduced level of chip segmentation in UAT compared to that in eT. 

4. Heat-transfer in the work piece material and into the cutting tool 

• Temperature levels in the chip, obtained in FE simulations, were similar to 

those observed in infrared thermography experiments. This is another 

validation of the developed FE models. 

• FE results showed that temperature of chips obtained at VAT was by 5 % 

higher than that at eT. This correlates well with an experimentally observed 6 

% difference in the chip temperature between two techniques. 

• Frictionless FE simulations (corresponding to conditions of well-lubricated 

cutting) showed only a marginal temperature increase in the tool for both eT 

and VAT indicating a dominant role of friction in the temperature growth in 

the tool. 
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• An exponential temperature decrease from the maximum at the cutting tip to 

nearly room temperature (in the case of CT) or initial tool temperature (in the 

case of UA T) in distant parts of the tool was observed in both the numerical 

simulations and infrared thermography tests experiments, thus once again 

confirming a good correlation between them. 

8.2 Further work 

The present study has indicated several areas were further work would be useful. 

These areas are outlined below. 

• It would be of interest to carry out the high-speed filming experiments with 

higher magnification to resolve smaller details of the chip formation 

mechanisms. A valuable insight into the UAT cutting process can also be given 

with the use of the higher filming rate (105 frames/s or higher), as this would 

allow to observe different stages of the cycle of ultrasonic vibration. High

speed filming of Inconel 718 would be of significant interest, in order to ensure 

that the main features of the chip formation mechanism in UAT ofInconel 718 

are the same as those observed in machining mild steel. 

• Ultrasonic vibration was applied in the tangential direction in all experiments 

described in this thesis. For this kind of vibration, the cutting speed should not 

exceed its critical magnitude (see Section 2.2.1). All experiments can be 

repeated with ultrasonic vibration applied in the feed direction and for higher 

cutting speeds, i.e. under conditions suitable for industrial turning requiring 

high material removal rates. 

• A comparison between the efficiency of tangential and feed vibrations can be 

performed either experimentally or numerically. As the case of feed vibrations 

is essentially three-dimensional, a FE model should also be extended into 

three-dimensional one. 

• As one of the biggest problems of the UAT process in machining intractable 

materials is a significantly reduced (due to micro-cracking and chipping) tool 

life, a FE model with a deformable tool could study this issue and, potentially, 

resolve it. 
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• A FE model with a finer mesh in the process zone could allow to study chip 

segmentation processes in CT and explain reduced segmentation in UAT. 

Different/upgraded software and/or hardware with a higher computational 

capacity is required for this purpose. 

• Thermal softening of the workpiece material can be included into the 

constitutive equations, which would probably influence deformation 

mechanisms in chip formation and improve the overall accuracy of the FE 

model. 

• Residual stress analysis with X-ray diffractometry or other techniques would 

reveal the details of residual stresses in the machined surface layer. This may 

be another means to validate numerical simulations, as well as to clarify 

suitability of surfaces produced at UA T for particular applications. 

• Transmission electron microscopy (IEM) or other techniques can be applied 

to study in detail the structure and specific features of thin hardened layers on 

the workpiece and chip surfaces. As TEM allows higher levels of 

magnification, it could reveal more data than SEM tests. Such an analysis may 

give an invaluable insight into the nature of the UAT and CT effect on the 

treated material. 
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Appendices 

Appendix 1 Complete data for nanoindentation tests 

Line A (10 J.lffi x 60 indents) Line B (10 J.lffi x 60 indents) Line C (10 J.lffi x 60 indents) 

Scan Depth h (run) Load Hardness E, Depth h (nm) Load Hardness E, Depth h (run) Load Hardness E, 

# Max. Plastic Max(mN) (GPa) (GPa) Max. Plastic Max (ruN) (GPa) (GPa) Max. Plastic Max (mN) (GPa) (GPa) 

1 241 214 10 7.13 206.3 253 230 9.99 6.28 228.5 256 234 10 6.1 231.6 

2 259 233 10.03 6.16 195.4 256 231 10 6.2 209.2 256 234 10.01 6.1 222.9 

3 251 229 9.99 6.33 232.3 260 236 10.01 6 213.4 256 232 10.03 6.23 215 

4 245 219 10 6.84 210.4 254 225 10.01 6.53 183.2 254 231 10.02 6.23 225.7 

5 249 223 9.99 6.58 209.4 256 231 10.04 6.25 208.3 265 242 10.03 5.75 222.3 

6 262 241 10 5.8 226.3 245 219 10 6.85 208.8 254 230 10.01 6.28 227.6 

7 265 242 10.03 5.77 227.3 245 221 10.02 6.75 217.9 260 237 10.04 5.99 219.3 

8 257 234 10.01 6.08 226.6 262 236 10.01 6.03 201.9 262 238 10.01 5.93 203.5 
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9 268 246 10.01 5.6 218.9 258 233 10.04 6.15 208.7 263 240 10.01 5.83 218.3 

10 263 238 10 5.91 204.5 252 227 10.03 6.45 206.2 259 234 9.96 6.05 215.3 

11 255 231 10.03 6.25 220.2 252 227 9.99 6.44 204.3 246 218 10.01 6.89 208.8 

12 265 240 10.04 5.83 207.1 259 235 10.02 6.04 211 252 225 10.06 6.54 195.6 

13 260 236 10.02 6.02 214.7 268 242 10.02 5.77 191.1 255 230 10.05 6.33 209.4 

14 271 246 9.98 5.56 199.7 270 243 10.02 5.71 191.5 216 188 10.01 8.96 223.8 

15 268 242 10.02 5.79 191.5 254 227 10 6.42 199.8 170 137 10.02 15.26 228.9 

16 270 243 10.02 5.69 190.5 425 393 9.98 2.38 97.8 181 151 10 12.99 253.6 

17 250 221 10.01 6.71 191.4 159 123 10.01 18.14 238.8 156 125 10.03 17.67 277.7 

18 155 120 9.99 18.91 242.6 197 162 10.03 11.55 194.1 153 127 10.01 17.37 316.4 

19 180 152 10.03 12.92 247.1 153 120 10.03 18.92 262.7 156 115 10.06 20.37 211 

20 168 140 10.01 14.64 268.9 516 484 10.02 1.62 78.5 518 489 10.01 1.59 86.2 

21 218 188 10.01 8.93 196.6 177 146 10.06 13.84 235.5 1877 1637 10.01 0.15 3.3 

22 152 119 10.02 19.24 266.3 2118 1883 9.99 0.11 2.9 1882 1642 10.02 0.15 3.3 

23 222 192 10 8.61 193 1958 1721 10.02 0.14 3.2 1914 1674 10.03 0.14 3.2 

24 1792 1557 9.99 0.17 3.5 1927 1682 9.99 0.14 3.1 1945 1711 10.01 0.14 3.3 

25 1857 1611 10.02 0.16 3.3 1877 1632 10.02 0.15 3.3 1953 1716 10.01 0.14 3.2 

26 1892 1644 10.01 0.15 3.2 1905 1661 10.03 0.15 3.2 1918 1679 10.01 0.14 3.2 

27 1904 1666 10.02 0.15 3.3 1892 1646 10,04 0.15 3.2 1921 1683 10.04 0.14 3.3 
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28 1799 1557 10.02 0.17 3.4 1869 1627 1O.D4 0.15 3.3 1861 1621 10 0.15 3.4 

29 1831 1589 10.01 0.16 3.4 1890 1644 10.01 0.15 3.2 1848 1606 10.02 0.16 3.3 

30 1892 1647 10.03 0.15 3.2 1884 1642 10.02 0.15 3.3 1844 1609 10 0.16 3.4 

31 1887 1648 10 0.15 3.3 1895 1652 10.03 0.15 3.3 1855 1616 10.01 0.16 3.4 

32 1869 1623 10.02 0.15 3.3 1889 1642 9.99 0.15 3.2 1835 1592 10 0.16 3.4 

33 1876 1622 10 0.15 3.2 1966 1734 10.06 0.14 3.3 1863 1618 10.02 0.15 3.3 

34 1912 1665 10.03 0.15 3.2 1918 1686 10.01 0.14 3.3 1895 1663 10.03 0.15 3.4 

35 1851 1606 10.02 0.16 3.3 1910 1681 10.03 0.14 3.4 1895 1653 10.02 0.15 3.3 

36 1855 1612 10.03 0.16 3.3 1882 1651 10 0.15 3.4 1901 1657 10.01 0.15 3.2 

37 1846 1610 9.99 0.16 3.4 1958 1718 10.02 0.14 3.2 1908 1658 10.02 0.15 3.1 

38 1849 1605 10.02 0.16 3.3 1918 1681 10 0.14 3.3 1860 1620 10.02 0.15 3.4 

39 1865 1619 10.04 0.16 3.3 1910 1669 10.01 0.15 3.2 1835 1580 10 0.16 3.2 

40 1834 1595 10.Q3 0.16 3.4 1852 1606 10.01 0.16 3.3 1814 1564 10 0.17 3.3 

41 1840 1600 10.D4 0.16 3.4 1861 1608 9.99 0.16 3.2 1845 1598 10.01 0.16 3.3 

42 1841 1590 9.98 0.16 3.2 1923 1679 9.97 0.14 3.2 1835 1590 10 0.16 3.3 

43 1848 1606 9.98 0.16 3.3 1909 1668 10 0.15 3.2 1827 1579 10.01 0.16 3.3 

44 1852 1605 10.01 0.16 3.3 1882 1640 10.02 0.15 3.3 992 968 9.98 0.43 56.1 

45 1886 1636 10.03 0.15 3.2 1907 1659 10.01 0.15 3.2 122 99 10.02 25.73 438.7 

46 1830 1577 10.04 0.16 3.3 1860 1611 10.02 0.16 3.2 139 113 10.03 20.81 378.7 
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47 1832 1580 10.01 0.16 3.3 717 692 10.02 0.83 75.3 133 111 10.02 21.67 408.9 

48 1836 1589 10.01 0.16 3.3 112 88 9.98 31.07 508.9 125 100 10 25.25 422.2 

49 1848 1593 10.05 0.16 3.2 130 105 9.99 23.49 389 123 101 10.01 24.94 463.5 

50 134 111 10.02 21.49 449.6 121 96 10.01 27.2 439.1 118 96 10.02 27.27 468.3 

51 126 102 10 24.62 434.8 143 118 10.03 19.65 368.3 124 105 10.04 23.54 519.1 

52 108 80 9.99 35.78 431.7 101 77 IO.QJ 37.86 532.9 116 97 10.04 26.76 545.9 

53 110 84 9.99 33.13 447.5 115 92 10.01 28.71 498.3 127 110 9.98 21.71 545.9 

54 127 102 10 24.57 401 119 97 10.05 26.83 499.1 213 189 9.99 8.81 263.8 

55 123 95 10 27.36 402 136 113 9.99 20.97 397.8 236 214 10.02 7.15 262.8 

56 125 98 10.01 25.94 407.7 191 166 10.02 11.04 278 234 211 10.01 7.31 248.1 

57 128 104 10.03 23.78 423.9 231 207 10.05 7.55 251.6 238 216 10 7.03 246.4 

58 122 98 10.03 25.98 463 233 209 10 7.41 232.9 239 216 9.96 6.97 246.4 

59 202 176 9.98 9.93 260.4 226 203 10 7.81 253.4 236 216 10.03 7.02 285.1 

60 227 205 10.01 7.67 265.3 237 211 10 7.3 222.3 238 215 10.02 7.08 245 
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