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Abstract

Any machining operation induces significant defotiora and associated stress
states within the component being machined. Oneedmponent has been finished and
is removed from the machining tool, a portion c#gé stresses remain within the finished
component, and are termed residual stresses. Elresses have a significant effect upon
the performance of the final component. Howevegpide their importance there is no
accurate and cost effective method for measurirmiduel stresses. For this reason
predicting these stresses without the need for umeasent is highly desirable. The focus
of this thesis is on advancing the development iamglementation of finite element

models aimed at predicting residual stresses irdibgenetal cutting operations.

There are three main focus areas within this rekeahe first of which is
concerned with predicting residual stresses whealldieed rates are used. It is shown
that in the existing cutting models residual stresadiction accuracy suffers when feed
rates are small. A sequential cut module is dewappvhich greatly increases the

accuracy of the predicted residual stress depthigso

A second area of focus concerns the influence iofidn models on predicted
residual stresses. A detailed set of simulationseésl to elucidate the effect of friction not
only for sharp tools, but also for tools which haaerued wear. It is shown that whilst
friction is not of critical importance for new t@plas tools continue to wear the choice of

friction model becomes significantly more important



The third area of focus is on phase transformationduced by the cutting
process. A decoupled phase transformation modutleveloped in order to predict the
depth, if any, of a phase transformed layer bend¢hth newly machined surface.

Furthermore, the effect of this layer on the resaldiress depth profile was also studied.

All three focus areas present new and novel cantdbs to the field of metal
cutting simulations, and serve to significantly reese the capabilities of predictive

models for machining.
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Chapter 1.
| ntroduction

This chapter provides an introduction to the redeaerformed, including the

motivation, scope of the work performed and thdieitof the thesis.

1.1 Motivation

In any manufacturing process where a material a&vihedeformed, residual
stresses are induced within the manufactured jpamachining, this usually results in a
thin layer near the surface of the manufacturedpmrmant subject to both tensile and
compressive stresses. The development of thessatres defined by complex
interactions among a large number of different peat@rs such as material properties,
machining kinematics, thermal interactions betwientool and the workpiece and pre-

existing stresses in the workpiece.

The retained stress state near the surface hgsiicant effect on final part
performance. Changes in this residual stress prbéive been reported to affect fatigue
life of a component by as much as an order of madai As such, detailed knowledge of
the residual stresses induced during the manufactua component is highly desirable.
However, current measurement techniques for thererpntal measurement of these
profiles are not only sensitive to measurement dacies, but the most accurate
techniques also tend to be expensive, with eaclsuned profile costing in the order of

thousands of dollars, even at academic rates.
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Considering the prohibitive cost of experimentabsi@ements, parametric
studies into the effects of machining parametertherformation of residual stresses lag
significantly behind studies for any other aspéd¢he machining process. Consequently,
predicting the formation of residual stresses dunretal cutting is of academic interest.
However, the inherent complexity of the cuttingqess itself makes analytical studies of
the process very challenging, typically requiringngicant simplification of the process.
Despite the obvious desirability of accurate prisdecmodels, the challenges associated

have kept these models in their infancy for margrye

In order to incorporate as much as possible ottmplexity of the actual cutting
process, finite element analysis (FEA) is ofteliagd as the means of numerically
simulating the cutting process. Although theresagaificant advantages of these
simulations, there is still much progress to be enadhe use of FEA models for the
prediction of residual stresses. Significant gdpisexiting within the literature. As it
stands, there is a need for improvement in acdyrptedicting residual stresses when
using small uncut chip thickness. The interactibtool-workpiece friction with the
prediction of residual stresses, especially usingwiools, is still not well understood,
and the effect of phase transformation on predictsitiual stress profiles is still

underdeveloped.

These above aspects all represent an importaricehang of current cutting
models, even confined to orthogonal (2-D) cuttidg.such the goal of this work can be

separated into three distinct parts. Each will adeahe ability of finite element
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techniques for the simulation of metal cutting tosgthe eventual goal of practical

residual stress prediction for industrially reletvantting.

1.2 Scope

The work presented in this thesis involves FEA nliadeof the metal cutting
process. In particular arbitratyagrangian-Eulerian(ALE) models are used to capture
the cutting process with a subsequent relaxatioduteo which predicts the final residual
stress profile of the finished surface. At presdrg,work remains confined to 2-D

orthogonal cutting.

Within this framework, the scope of this work iseé fold, the first being
concerned with sequential cut modelling, the seamthe influence of friction and tool
wear and the third being the incorporation of pheasesformations into the relaxation

module. Each of these three contributions is deedrbriefly below.

For cases where the uncut chip thickness is sihalshown that the accuracy of
the residual stress prediction using traditionalhoéds is poor. A sequential cut module is
developed to circumvent this problem, and to alfomaccurate predictions at small

uncut chip thickness values.

Since the literature is divided on the sensitiatyhe final predicted stress profile
to changes in friction model, the influence otfion on residual stress prediction is
investigated.. In order to expand on this analybis effect of tool wear is integrated into

the ALE cutting model, a capability previously mingsin the literature.
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Finally, the relaxation module is expanded to methermally induced phase
changes in steels. The volumetric changes indueedaupled to the stress field in order
to allow for the prediction of residual stress gesf with severely worn tool under high

cutting speeds.

The modeling results from all three contributions @alidated against residual
stress profiles, measured using x-ray diffractitiaraorthogonal cutting experiments. The
advances in residual stress prediction describedeatepresent a notable contribution to
the state-of-the-art, as well as a significant iovement in the capabilities of the ALE

cutting model.

1.3 ThesisOutline

The work in this thesis is presented in eight chieptThe first of these, the current
one, concerns the general motivation of the wonkelsas the general structure and
scope of the thesis. The following chapter presarsismmary of the current state-of-the-
art in residual stress prediction. To this effdog, chapter begins with a general
description of residual stresses and their relevanmenetal cutting. Experimental
techniques for the measurement of residual stressediscussed next, followed by a

discussion of previous work in the modelling of miang induced residual stresses.

In the third chapter, a general ALE cutting modeskd throughout the present
work, is described in great detail. Then, chapper focusses on the description of the
experimental work used in the validation of the elbdg work presented in the

subsequent chapters. Details of workpiece, toolsedisas experimental procedures are

4
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then discussed. The next three chapters (fivearsikseven) present the results of the
current work. Each chapter starts by discussing@nation from the general ALE

cutting model, followed by a presentation and dsscon of the results.

Chapter five comprises the changes to the relaxatiodule to implement

sequential cuts, and the results of this modulereme presented and discussed.

Chapter six begins with a detailed discussion fiédint friction models, and then
presents the results of a study of the effect @¢hmodels on the predicted residual stress

profiles for both lightly and heavily worn tools.

Chapter seven introduces a further modificatioth&relaxation module that
allows for the prediction of phase transformatiofise results are subsequently discussed
in terms of predicted phase transformed layer, fast then in terms of modification to

the predicted residual stress profile.

The final chapter summarizes the main conclusioasd from this work as well

as making recommendations for the future direatibtiis work.



Ph.D. Thesis McMaster University
Y. Ziada Department of Mechanical Engineering

Chapter 2.
Literature Survey

This chapter is presented in four parts. First,cineses and effects of residual
stresses are addressed. Then, residual stressiag apecifically from machining are
discussed, followed by a discussion of their mezrsent. The last part deals with the

prediction of residual stress generated by metaincu

2.1 Residual Stresses

Residual Stresses, or internal stresses, ardrégsas which remain within an
elastic body without having an external load apptit. They exist in a free elastic body
with no forces applied upon its boundaries[1-2]e3d stresses are one of the most
important parameters that characterise the sudadesubsurface properties and
subsequent performance of any mechanical componieay. affect fatigue life,
resistance to crack growth, static strength, casrosesistance and magnetic properties,
and depending on the particular stress distribuhany component, these properties can

enhance or impair the part performance [1].

Residual stresses are induced by one of two nracepses: nonuniform plastic
deformation and phase transformations. Further miéonun deformations can be induced
either mechanically or through thermal processbssTany residual stress profile can be
decomposed into the effects of three separate coemp®, those arising from mechanical,
those from thermal and volumetric changes due &s@lransformation. In metal cutting

all these processes are interrelated and leadplea residual stress profiles.

6
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Residual stresses have an effect on many aspgguéstgerformance, some of the

main effects are given below.

211 Geometric Tolerance

If the magnitude of residual stresses within ajgonent is very large, as
compared to part size, the net shape of a compa@aanthange. This results in geometric
deformations which violate part tolerances. Thdsmges can be seen in micro scale
components such as micro-fins [3] or large comptmsach as landing gears, and can be
induced by a wide variety of processes. More paldicto machining, however, is the
comparatively shallow depth of the induced residiia@ss profiles that makes this a more
likely problem for small components, or componenith extremely tight tolerances. In
general machining, tensile stresses induced bgtutigng process cause a concave or
‘dish shaped’ curve to the machined surface, oktimae order of magnitude as the depth

of the removed cross-section of material [1].

2.1.2 Part Strength

Residual stresses in a component act as a prengxsstess, which, depending on
the type of subsequent loading, can be either ddganus or detrimental to the load
carrying capacity of the component. If the compdneitoaded in tension, tensile residual
stresses will result in the weakening of the congpdrvhereas compressive residual
stresses will increase the load carrying capagitys, however, is only significant if the

residual stresses are of the same order of magnisithe applied stresses.
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Even if the residual stresses are not of the saagnitude as the applied loads
they can have a significant effect on componeittgjfie strength. Near surface residual
stresses have a particularly significant effectaur@yclic loading. This is because fatigue
fractures usually start at the surface of a compbj#g. Residual stresses thus serve to
control the fatigue life of a component, where coespive residual stresses near the
surface tend to negate crack initiation. On theottand tensile residual stresses

accelerate both the initiation and growth of fagiguacks [5].

Both cutting and grinding processes induce sunfasilual stresses, which
determine the fatigue life of components. This lbaraccounted for by an adjustment to
the threshold stress intensity factor for crackation [6, 7]. Poor machining conditions
can induce significant surface tensile stressasyesult in an up to 80% decrease in

endurance limit for titanium components [8].

Since compressive residual stresses can be betéfipart performance, some
operations are used to induce such stresses aasdthse any pre-existing surface micro
cracks from previous processing; for example, pses such as shot peening and ball

burnishing [5].

2.2 Machining Induced Residual Stresses

Most machining operations, milling, turning, shapand broaching can be treated
in a similar manner. In other words, if a crosgisecof the workpiece and cutting tool is
considered for any of these operations, the sanpef@ahmation process is found as

shown in Figure 2-1.
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PSZ:Primary Shear Zone
SDZ:Secondary Deformation Zone

TDZ:Terti i
DZ:Tertiary Deformation Zone sDzZ

PSz
Tool

Un_cm Chip Cutting Edge Radius
Thickness

TDZ
Workpiece

Figure 2-1: 2-D Representation of the Cutting Process

The effect of most of the labeled features in Fege+1 upon the formation of
residual stresses in the cutting process have stedired. A summary of some of the

known behaviours is outlined in the following suttgens.

221 Cutting Edge

The cutting edge radius, or edge treatment hasiligghe strongest influence of
all the cutting parameters upon the magnitude gpel of the residual stresses induced
during cutting [9]. It has been found that whearghtools are used at high speeds, solid
state phase transformations are common in ste@lding to a thin martensitic layer along
the newly formed surface. However at lower spe@dghase transformations were
evident. This means that at high speeds changés iattice structure of steel contribute
to the residual stresses present in the workpladegat low speeds only mechanical
deformations are responsible for these stressdghais because at lower speeds

temperatures can be hundreds of degrees lowemthagh speeds. This behaviour often
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interacts with the effect of tool coatings as thege factors are often studied together

[10], the effect of these coatings is disused eatgr detail in Section 2.2.6.

In the case of honed tools, phase transformati@rs ¥ound to occur even at
lower cutting speeds [11], as the increased plasgtiormation leads to increased cutting
temperatures. This makes the prediction of resiginasses for honed cutting tool
geometries more complex than sharp tools, partigudd low speeds such as used in

broaching.

Also, in general, the magnitude of the residuasst profiles present after cutting
were found to increase as cutting edge radii wereeased. This was found to be the case
for a variety of uncut chip thicknesses and cutipgeds [11]. Furthermore, increases in
edge radii are associated with higher compressixface residual stresses because
mechanical loading is increased as the effectike eagle becomes smaller. This can be
beneficial for fatigue life of components, and ssaciated with the increased frictional
interaction between the tool and workpiece [12]eEal. improved thdohnson-Cook
material in order to account for the severe hydtispressure associated with large edge

radii in cutting [13].

222 Tool Wear

There are many types of tool wear. The two mostroonly known gradual wear
types are crater wear and flank wear. Crater walaich manifests in the secondary shear
deformation zone, primarily affects the chip andsthas less influence on the

development of residual stresses than with chim#&ion. Flank wear, which causes the

10
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blunting of the tool flank, has strong influencem®an the residual stresses in both
magnitude and type. The ironing effect of the flavdar induces some compressive
stresses on the process. However, by far the signdicant effect is felt due to the
increase in temperature at the tool tip, brougbuaby the increased frictional

interaction at the rake flank [14, 15]. Increasemiperature gradients are associated with
increases in surface tensile residual stresses fldmk wear can lead to tensile residual
stresses on the surface of components or in comp®mndnich were machined later
during a tools life cycle. This was observed favide variety of materials such as tools
steels, titanium alloys and maraging steel [16-A8pther effect of this increased tool tip
temperature from tool wear is a decrease in matgahl strength during machining.
Thus compressive residual stresses are projectggkedato the subsurface of workpieces

when using worn tooling [19].

In addition to the above, a phase transformatiosteel workpieces can arise from
the increased temperature associated with wors,tdaring machining. Worn tools are
commonly associated with the formation of a maitenahite layer in the workpiece
surface. The volumetric changes induced by thedacgiphase changes lead to
increased, predominantly tensile, residual stregdethese thermal effects upon residual
stress brought about by tool wear can in fact sonsst be the deciding factor upon the

serviceable life of a tool [20].

2.2.3 Uncut Chip Thickness
In general, effect of uncut chip thickness igr@xely material-dependant, and

can give rise to either compressive or tensileas@rfand subsurface residual stresses. In
11
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most cases the uncut chip thickness has a limftedtet the surface but increases the
depth of penetration of the residual stresses Mbktly these effects are compressive,

but under specific cutting conditions, as describeldw, can become tensile.

In general these effects are explained by theeasad heat dissipation brought
about through increase in the chip size. As clip Bicreases, more of the generated heat
is dissipated through the chip, reducing the thétozal on the workpiece and
consequently reducing tensile residual stressesulg&ineously, the increased loads
associated with the higher chip load give risentoweased compressive loads at the tool
tip [16]. However, in some cases large frictionviltn the tool and workpiece can be
attenuated by these increased loads. This cauges tamperature gradients in the
tertiary shear deformation zone and can contributbe tensile residual stresses in the
workpiece [22]. Thus depending on the tool-workpiparing, either compressive or

tensile residual stresses can be caused.

2.2.4 Cutting Speed

As in the case of uncut chip thickness, two sdapagtiects compete with each
other when increasing cutting speed. It increasesrtechanical load, thus inducing
compressive residual stress on the workpiece. Hewéwreased speed also leads to
higher temperature gradients, and consequentlseased tensile residual stresses. This
can give rise to a critical cutting speed abovecWlsiurface residual stresses change from
compressive to tensile [23]. At higher speeds, hamnghermal effects dominate; this
usually results in increased tensile residual segsit the surface of workpiece and a

shallower penetration depth as the cutting speettisased. This is because the high
12
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temperatures at the cutting edge and decreasedliovged for thermal diffusion leads to
steep thermal gradients at the part surface [223uRs contradicting this have, however,
also been established, particularly when cuttiglyi strain rate sensitive materials. This
is explained as a function of higher heat dissgathrough the chip when cutting strain

rate sensitive materials at high cutting speed9][2,

Changes in chip type can also occur at highemgu#ipeeds, which can lead to

some inconsistent results with regards to inducmgpressive or tensile stresses [17].

2.25 RakeAngle

In machining, rake angles in excess of +25° atecammon, and the effect of
these changes in rake angle are mainly determinpethbsic cutting mechanics. As rake
angle decreases cutting forces and shear plane dagiease. The increased shear causes
a consequent rise in cutting temperature. In gétieedbehaviour reported is that at large
positive rake angle, tensile surface residual steslominate due to decreased heat
dissipation through the chip. Negative rake angldace dominantly compressive

stresses because loads are increased and haabigeckby the chip [21, 23, 24].

2.2.6 Tool Coating

In order to reduce workpiece adhesion on cuttimistaand consequently improve
cutting tool performance, tools are often coatetthWwibricous layers. In general these
coatings are used to decrease frictional forcésjghypically thought to result in
decreased magnitude of the surface residual sgresgeincreased depth of the residual

stress profile [22, 25]. However, more recent sadiuggest that in fact the measurement

13
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techniques used were not suitable for surface measant, and when X-ray diffraction is
used, an opposite trend is observed. In other wordged tools tend to result in higher
residual stresses, both near the surface as weeljagater penetration depths [10, 26]. It
is worth noting that this trend is not thought ®odue to decreased friction, but rather due

to the thermal barrier introduced by the coatingisveen the tool and workpiece [10, 25].

2.3 Measuring Residual Stresses

Measuring residual stresses is not a trivial masieiconsiderable attention has
been given by a large number of researchers tol moweproved measurement
technologies [27]. By far the most popular typemsasurement is based on diffraction

methods.

2.3.1 Diffraction-Based Methods

X-ray diffraction is perhaps the most commonly usezthod of measurement of
residual stresses. As with all diffraction basedhuods, the elastic strain of specific
atomic lattice planes is measured; the principlgated for this is discussed in Section
2.3.7. In general the penetration depth of X-iaysteels is limited to about 5pum below
the surface [28]. This means that X-ray diffractienhnique is suitable for surface
residual stresses only, unless sequential surégeed are removed. In practice this means
incremental layers of material are etched fromwbekpiece and residual stress
measurements are taken at each depth in ordegltbaydepth profile. Neutron
diffraction, on the other hand, can be used adtamative in order to achieve deeper

penetration depths [29]. In fact experiments penfeat on reactor sources and spallation

14
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sources can probe depths of up to 50mm in ste@|3[§ . Some modern synchrotron
sources can even produce x-rays at sufficientlia kigergy level to penetrate into steel to
nearly the same depths as neutrons [32]. Howeeadifference in scattering angles of
the two types of beams leads to a nearly cuboatalpding region for neutron sources and
an elongated diamond shaped prism for X-ray souiidas makes the measurement of
stresses difficult using X-rays unless simplifyegsumptions, such as plane stress, are
made in the data analysis. In practice this meanddep penetrating stresses, neutrons
are still more suitable [28]. The obvious advanttgeither neutrons or high energy X-
rays from a synchrotron is that since the proces®n-destructive, fatigue tests or any
other tests can be carried out on a sample thalresdy had its residual stresses
appraised, allowing for monitoring of changes iesh stresses throughout a component’s

service life [6].

2.3.2 MicroMagnetic M ethods

A further non-destructive measurement techniqueishi@ceiving interest is
magnetic methods. The operating principle behiedéhmethods is that the electrical
conductivity, as well as magnetic properties, ofdmagnetic materials vary with the
internal strain state. Consequently changes irethesperties can be used to calculate the
internal strain state of a component. Traditionhlbyvever, the weakness of this method
is that the sensitivity of these magnetic and elgadtproperties is poorly understood in
regards to microstructural composition and changessity and various other properties
of the component. Modern systems can, howeverrrdeate biaxial stress levels provided

there is enough information to calibrate for paaface quality and geometric influences
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[28]. In industrial situations, where substantialiferation is possible for similar
components, magnetic methods have the advantdgsrgf extremely cost effective,
very fast, as well as being able to penetrate iget@ral millimeters in a completely non-

destructive manner.

2.3.3 Raman Spectrograph

Raman spectrograph can be used to measure a wairjgdlyameters, including
stresses, in crystalline and amorphous materiéks.operating principle behind using
Raman spectrograph to measure residual strestes Raman peaks experience splitting
and shifts in the presence of stresses that ararlynrelated to the stresses. Thus,
mechanical stresses can be inferred by changeslith Raman peak [33]. In addition

to its material limitations, this measurement tegha is limited to surface measurement.

2.34 Acoustic Methods

There are numerous acoustic techniques used fauneg residual stresses. In
scanning acoustic microscopy (SAM) a focused aooaggjnal is scanned across a
surface that causes propagation of the excitedséicomaves through the mechanical
workpiece. The wave propagation depends on a yasfgiarameters such as elastic,
electric and mechanical properties of the workpié@eording to local variations in
these properties, information about the extenhefresidual stresses can be obtained [34,
35]. A related technique is laser ultrasonic mears@nt, wherein an ultrasonic wave is
generated using a pulsed laser. Based oR#yteighwave speed measured in the
sample, information about the surface texture asdlual stress state can be obtained

[36]. This technique has been applied to measugeglual stresses in automotive
16
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components [36], as well as for the assessmentidmal damage in nickel-based super

alloys [37].

2.3.5 Deflection Method

All the techniques discussed so far are so caliettdmethods, in which a
parameter that is affected by the residual strassegasured. Indirect methods on the
other hand depend on disturbing the equilibriura sample; and by measuring the
resulting deformation. The most famous of thesbrigpies, and the oldest, is the
deflection method. In this technique layers of matere removed from the sample being
measured. Removal of these layers results in aaafh of the part. These deflections
are measured as a function of thickness. The anafwttess released by removing the
layer is then related to the magnitude of the de&tions [1, 38] . The main problem with
this technique is a significant increase in comiyeik the sample is not a simple plate or
cylinder. Also this technique is extremely sengitio temperature fluctuations

necessitating excellent temperature controls [1].

2.3.6 HoleDrilling

Unlike the deflection method, hole drilling provgla relatively simple method for
measuring a residual stress depth profile. Furthergeometry of the overall component
is largely unimportant. The principle, howevernrsach the same as when the strains
induced by removing a cylinder of material is me&adwsing strain gauges [39]. From
these measured strains, residual stresses ardatettusing calibration constants derived
for the particular strain gauge rosette used, disasdor the type of stresses expected

[38]. Advantages of hole drilling include its abylto measure a wide range of materials,
17
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and the sample only needs to be isotropic withwknelastic parameters [38]. One of its

main disadvantages is, however, a thin dead zoaethe surface on the order ofi0.

The approximate capabilities of a few of thesémegues, compared to each

other can be seen summarized in Figure 2-2.
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Figure 2-2: Approximate Current Capabilities of Selected Techniques (The Destructive Techniques
are Shaded Gray) (Adapted from [28, 38])

2.3.7 X-ray Measurement Operating Principle

All diffraction-based methods operate by measutivegelastic strain of specific
atomic lattice planes. The basic operating prirch@hind this is based on the diffraction
pattern obtained from a crystal lattice. In ordeexplain this, consider a small lattice
shown in Figure 2-3, where X-rays leave the soatceX’ and reach the sensor at plane

YY"
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Figure 2-3: Diffraction of X-raysby a Crystal L attice (adapted from [40])

If we consider the top layer of atoms only, thesrayand 1a strike atoms K and P
respectively and scatter in all directions. Onlyhia direction 1’ and 1a’ do the scattered
beams interfere constructively, they are in phasiha distance traveled from XX’ to
YY’ is the same. Now if we consider the next lagéatoms as well, we find that rays 1
and 2 strike atoms K and L respectively. The d#fee in path lengths between 11’ and

22’ can be expressed as:

ML + LN = dsin6 + dsinf (2-1)

The maximum constructive interference of this patteill occur when this
increase in path length is equal to incrementb®ftave length of the X-ray). That is

to say:

niA = 2dsiné (2-2)

This relationship is calleBragg'slaw, and it describes the relationship between a
crystal lattice spacingl] and its diffraction pattern. By altering the irgkaner spacing,

from straining the material, changes occur withia diffraction pattern. Through careful
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measurement of these changes, strain within therrabtan be deduced and

consequently the elastic stress.

From the unstressed and stressed lattice spaairgnaterial 4,) the strain can

be calculated, for an arbitrary sample anglgftom Equation (2-3):

d - do
Ey = dO (2-3)

These strains can then be related to stress thmagile elastic theory. It has

been shown [41, 42] that the stress in an arbitlaection along the surface plang,j is

given by Equation (2-4):

o o E (d\y - dn) 2.4)
T 1+v)sin2¥ d,

Whered,,is the lattice spacing determined with the samfikdtsuch that’ = O.

The most common method for determining the residtraks in the above, is thia? ¥
method. In this method a number of lattice spaamegisurementsi(;) are made, these
measurements are then plotted againgt¥, which, under ideal conditions, results in a
straight line. If we assume zero stresd atd,, whered is the intercept on the y-axis

whensin? ¥ = 0 and m as the slope of thesssin? ¥ line as shown in Equation (2-5:

% = (1 -IE- v) m @9

This forms the basis for residual stress measureuosémg X-rays.
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24 PreviousWork in FEA Modelling of Metal Cutting

A substantial amount of work has been done in niiogebf machining processes
both analytically as well as numerically..In recgears with the rapid advances in
computing power, sophisticated FEA models are b&ogthe norm in simulating the
cutting process. However, analytical models atkeusted. Liang and Su [43] present a
model for residual stress prediction which caladahe temperature and stress fields
during cutting using slip-line theory. These fielde used for calculation of residual
stresses induced by cutting. A comprehensive rewvietlve current-state-of-the-art can be
found in the recent CIRP keynote address by Areaebdhl. [44]. The main conclusions
drawn were that significant progress has been nmasienulating metal cutting but that
an important gap still exists between the 2D moatethe academic laboratory and 3D
models for specific industrial operations. A furtitenclusion was that the lack of
consistent and reliable data on material propepiiesents a significant difficulty that
needs to be overcome. Currently, the majorityvairk is based around applying 2D
finite element methods to the cutting problem, véitftocus on a wide variety of sub-
topics such as predicting cutting forces, tempeeatchip morphology, tool wear and

white layer formation.

Metal cutting is a highly non-linear process wittry strong strain and thermal
gradients, despite this the most commonly impleegnumerical solutions are implicit
[13, 45-52], these are split betwdesgrangiansimulations [45-47] which necessitate a
fracture criterion and continuously re-meshing me{#8-52] which are most
commonly performed in the commercially availableAFElver Deform-2D. Explicit
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solutions for this problem are however also avé$53-62]. ExplicitLagrangian
simulations suffer the same disadvantages as tpicitrones, with slightly improved
stability. To overcome these disadvantages, re-mgsthemes for the explicit solutions
are of particular interest, this includes arbitragrangian-Eularian(ALE) models

which allow for advantages of both thagrangianandEularian methods [59-62]. The

individual advantages of these methods are covarddtail in Chapter 3.

ALE has found significant application within thestaouple of decades, thus
aspects of cutting models implemented in otherrtegles have yet to be addressed.
Using bothLagrangian,as well as updatddagrangianmethods, segmented and saw
tooth chips have been simulated by predicting adialslip within the chip usinRecht’s
criterion These techniques however have yet toripgemented in an ALE model [49,

63].

A further area which has received some attentiaghasnodeling of the effect of
material inhomogeneity (for example, different pdsawithin the material of the
workpiece) upon chip formation. lrargangianwork this was achieved through the
inclusion of two different material types with inelual material definitions for each
material phase [57, 58, 64]. This is not feasiblesimulations that employ continuous re-
meshing unless custom material definitions aretedeahich track the motion of

different material phases [52].

Tool wear has also been of interest, with flank m@adictions in uncoated carbide

tools [65, 66]. Also crater wear models [67] haee proposed based on FEA simulation
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using a dedicated cutting simulation software Adiage. Using updatddagrangian
methods, similar models were created in Deform-@8} [ising thewear model by Usui

et al. [69].

The influence of friction has also been studiedultng in conflicting analysis.
Early work by Shi and Deng [24] set the tone fdidating models using cutting and
thrust forces, having looked into the effects adrging the friction condition at the tool
chip interface. This work was expanded by Oezeb wdncluded that significant
influence was exerted by the friction model ondleuracy of predicted forces [70]. This
has been contradicted by the conclusions of Fétca. [71] who, upon analysing a
variety of friction conditions, concluded that tinduence was inconsequential to the
predicted forces. The effect of friction on cuttiimgces and residual stresses has been
analyzed by Anurag and Guo [72]. Their results stimat increasing friction does not
strongly affect the maximum compressive residualsst rather its effects are limited to a
surface tensile layer. Yang and Liu [53] suggeste@w friction model in order to predict
residual stresses using.agrangiancutting model, but did not present any experimenta

results for validation.

According to the keynote paper by Jawahir et &l] [Bsidual stresses, surface
hardness and microstructural changes are the rmoshonly evaluated surface integrity
parameters, as determined by a comprehensive bank@valuation of surface and
subsurface integrity [27]. In general, significattiention has been given to predicting
residual stresses using cutting models, since singl residual stresses can obviate many

of the limitations of experimental residual stressasurement [53]. ALE models to
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predict the residual stresses in some stainlestsstes well as tool steels, have been
developed [59, 60, 62, 73, 74]. Similar work shassg updatedlagrangiantechniques
for the machining of titanium [75], Salvatore at[&4] presented hagrangianmodel for
predicting residual stresses by calculating anvedeint rake angle to compensate for not
including the cutting edge radius. Kortbarria ef@6] used Deform-3D FEA software to
simulate turning of a nickel-based superalloy. Thesults matched well with hole
drilling experiments. However, significant diffeies were observed between X-ray
diffraction measurements and hole drilling, possthle to the severe straining of the
near surface layer of the alloy. Analytical preidios for machining induced residual
stresses were developed by Lazoglu et al. [77] vhave the advantage of being
extremely fast to compute, however including mamnplex cutting tool geometries

presents significant challenges.

24.1 Sequential Cut

In order to investigate the effect of a previousgpan the subsequent pass, a
number of researchers have developed so calle@sggucut modules. Liu and Guo [47]
proposed such a model for the investigation of eatjal cuts on residual stresses in AlSI
304 steel. Aside from showing that residual stresleerease after the second pass, they
also concluded that the resulting residual stresslg is highly sensitive to the friction
condition between the tool and workpiece. Usingsdme model, Guo and Liu [78]
presented a similar study which concluded thatdoying the depth of the second cut
below a critical value, desirable compressive rgsidtresses can be induced. Their work

suggests that appropriate finishing conditionstmaselected based upon this sequential
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cut effect, in order to encourage desirable firsat guality. It has to be noted however
that this work did not include any experimentaldevice to validate their models.
Similarly Ee et al. [13] presented a sequentialneatiule when cutting AISI 1045 steel.
This model was based on a continuously re-meshittqhng model, but provided no
relaxation time between consecutive passes, anitlashe work of Liu and Guo [47,

78], no experimental work was used for validatibthe model. Outeiro et al. [79], using
DEFORM 2D FEA software, presented a cutting modebfAlISI 316L steel, that
included the effect of sequential cut and preseaigeerimental validation of their
simulated residual stress results, However, tlesiults were opposite to those found by
both Liu and Guo [47, 78], using AISI 304 staisleteel, and by Ee et al. [13], for 1045
steel. Surprisingly the model results of Outeirald79] agreed less well with
experimental results when the sequential cut modakused. This suggests that some of

the simplifications within the model were unfoungsdch as ignoring tool wear.

It is worth noting that only a few studies predigtiresidual stresses with an ALE
cutting model were found in the literature [59, 68, 73, 74].The studies have focussed
primarily on the effects of general machining paetems such as the effect of cutting
edge radius, cutting speed, and the constitutivéeman the residual stress profile. None

of the studies using ALE included sequential cutool wear effects.

24.2 WhiteLayer Formation
In recent years there has been a renewed focuslih research community
towards understanding the microstructural chandeshanoccur within the surface layer

of steels cut under aggressive conditions. Thel#tyiar which typically appears
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featureless when observed under an optical micpesisocommonly referred to as white
layer. This layer is typically only a few microrigdk and is generally thought to be
brittle. It is known to be composed primarily ofreartensitic structure [52]. There are still
opposing trends in regards to the effect that wiaiger has on fatigue life, Schwach and
Guo [80] investigated the effect of white layer dadnd components without this layer
had six times the fatigue life of ones with thigda On the other hand Ramesh et al. [81]
found that the compressive residual stresses indiog¢his white layer had the effect of
significantly increasing fatigue life, which wasufad to be proportional to both the
surface compressive residual stress and the maxiconmpressive residual stress in the

specimen.

A substantial body of work or prior knowledge egisbncerning the formation
mechanisms of white layer in various material reai@rocesses such as turning,
grinding and electrical discharge machining (EDM)general, white layer formation is
explained through three processes, rapid heatidgaoling, which leads to phase
transformations, severe plastic deformation (SPBigwcause a very fine homogeneous

microstructure, and lastly surface chemical reastiwith the environment[82-85].

Early work in predicting white layer formation washieved by assuming an
analytical solution for a moving heat source, thabfem was then treated as a purely
thermally driven process [82]. More recently, hoeg\advances in the FEA modelling or
the cutting process has led to new contributiormh 1% that by Ramesh and Melkote [55]
who developed a model that treats white layer folomaas a quenching problem by

developing their own VUMAT subroutine for ABAQUSh@&re are however some
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limitations to this work, for one it was assumedttas soon as an element exceeded the
asutenization temperature it would transform. Atke, cutting model was based on
Lagrangian,formulation meaning that a fracture criterion wagded which led to
significant model tuning. Ranganath et al. [56]cuaesimilarLagrangianapproach that
captures the segmented chips found in hard tuinitige prediction of white layer
thickness. However the adiabatic slip capturedh@irtmodel originates at the cutting
edge which indicates that the fracture criterithiséieds some improvements. Shulze at al.
[86] developed what appears to be an interestingetmased on a continuously re-
meshed updatddagrangiancutting model, but did not present any resulty oméir
methodology. Umbrello et al. [52] developed a candiusly re-meshed updated
Lagrangiancutting 2D model to predict white layer due torthally driven phase
changes in hardened AISI 52100 bearing steel. Biawlation results agreed well with
experimental white layer depth measurements asasedlith hardness profiles. Only
Ramesh and Melkote [55] have attempted to recotftdghase transformation (or white

layer) predictions with the residual stress prealict

In order help in optimizing machining conditionsatitow for aggressive material
removal, while limiting the negative influence bfd phase transformed layer, it is
desirable to develop models that allow for the tdigation of machining parameters that

result in white layer not being formed or minimdiite layer being formed.
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2.5 Summary

After examining the current state-of-the-art, itliear that significant progress has
been made in the field of metal cutting predictiohiso, given that residual stress and
microstructural changes are amongst the most cotynoeasured surface integrity
parameters, there is keen interest in developingeraccurate predictions of residual

stresses in cases where microstructural changes.occ

Despite the significant body of work dedicatedhe prediction of residual
stresses in metal cutting, gaps exist in the repditerature. Residual stress prediction
using ALE cutting models, particularly at smalldeeate, has not received significant
attention in the literature. Further, it is curttgmtot possible to us the ALE cutting model

to predict residual stresses if microstructuralngjes occur.

The focus of this thesis is therefore to addresgtidiction of residual stresses in
three main areas, predicting residual stressesalt teed rates, a study on the sensitivity
of residual stress predictions towards friction elsdand lastly a methodology for

predicting residual stresses in metal cutting wiméerostructural changes occur.
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Chapter 3:
General FEA Modelling of Metal Cutting

In this section the basic cutting model used thhoug the thesis will be
introduced and explained. The beginning of the trapill focus on the fundamentals of
assembling a finite element model of the cuttingcpss; later parts of the chapter will

focus on the details of the ALE model used for thisk.

3.1 Introduction

The largest challenge in predicting the residuasses induced in metal cutting is
accurately simulating the cutting process itselfefe exists a large body of previous
work on this topic which goes back to simple cgtiheories in the fifties. These are,
however, not able to capture the complexities efdhtting process. Thus finite element
methods are commonly utilized to analyze the pmdéetal cutting is one of the most
complex problems to model using finite element gsial Not only is the problem of new
surface generation usually highly mesh sensitiuetiie majority of the complexities of
the process occur within a localized region vepgelto the cutting edge. The strain and
strain rates are very high, extreme temperaturdigmgs are experienced, not to mention
the problems of crack initiation and growth. Alee factors combine to form a
challenging highly nonlinear problem. The tabledwebives a comparison between

machining and other manufacturing processes ing@fnstrain and strain rate.
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Table 3-1: Comparison of Strain and Strain Ratesfor Some M achining Processes ( [87])

Process Typical Strain Typical Strain Rate(%)
Extrusion 2-5 1071 - 102
Forging/Rolling 0.1-0.5 10° — 103
Sheet Metal Forming 0.1-0.5 10° — 102
Machining 1-10 103 — 10°

There are three main approaches to addressirdjftioalties of simulating the
metal cutting procestagrangian Arbitrary Lagrangian Eularian(ALE) and Fully
Eulerian All three methods have advantages and disadvesitabich are presented with
a simple explanation of each method in this sectitmwever first a brief discussion is

necessary on the time integration methods used.

3.2 Timelntegration

A dynamic system with no damping can be descrilsed a
MU+ KU =F, (3-1)

Where M and K are the mass and stiffness matrik,ldand Brepresent the
displacement and the externally applied force retspady. When solving this equation
two different time integration schemes can be @&pjihese are referred to as implicit or

explicit time integration schemes.

For implicit solutions a backward time differencgeigration rule is used, which
means that the displacement vector at the encedirst step (') has to be estimated at

the beginning of the step in order to achieve atsml. This approximation is done using
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a variety of different methods. The choice thefead a strong effect on the convergence
rate of these simulations. After the initial estienaf the displacement vectoNawton-
Raphsomethod is used to advance the solution iterativebnvergence is determined
by the reduction of the residual function (G) belathreshold criterion. The initial time
step Qtp) is also assumed at the beginning of the solwmhthen subsequently adjusted
throughout the solution based upon the convergbabaviour of the residual function.
With rapidly converging solutions larger time steps be used, whereas smaller time
steps are required for the more slowly converginglehs often associated with larger

non-linearity [88].

A further item of significance is that for impligblutions the full system stiffness
matrix needs to be formulated and integrated. Bhi®ne once at the beginning of the
simulation in linear cases, however non-linear sameessitate this at every time step in
order to capture changes to the system stiffnessla8ly the mass matrix needs to be
calculated and inverted at each time step as maten-linearity is simulated. All this
means that for non-linear problems significant catapon expense is associated with
implicit methods, and even then the solutions matyconverge for highly non-linear
cases [89]. This makes implicit solutions to metdting processes slow and unattractive
with solution times on the order of several daysame cases, depending on CPU of the
computer system. A far more attractive solutiomrfrihe standpoint of metal cutting is

explicit time integration.

For explicit time integration, unlike the impliaase, no initial estimate of the

displacement is required, rather the solution isaaded through knowledge of the
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velocity and acceleration fields from the previdnse step. This means that there is no
convergence criterion or iteration during each tstep. However there is a limit to how
large individual time steps can be in order tod/i@h accurate solution. For a purely
mechanical case this translates into the timersteging to be smaller than the time it
takes a dilatation wave to cross the smallest elenidis means the maximum time step
is determined by material density, element stiffn@sd mesh size. There is however a
risk with explicit formulations, since there is residual calculated as part of the solution
process. There is no inherent measure of the aogofdahe simulation. In other words,

an explicit model will always yield a solution, hewer care has to be taken to ensure that
this is a correct solution. With all FEA model riessuvalidation is an important step,

however, with explicit solutions this becomes pauttarly critical.

Since metal cutting is inherently extremely noreéinsmall time steps are requisite
(<10™%). However, reduced mathematical complexity ofiekgormulation results in

significant time savings over implicit formulatians

3.3 Lagrangian Formulation

In theLagrangianformulation each node in the mesh grid is tied toaderial
point. This means that whatever deformation theemadtpoint undergoes the node will
follow. Thus the node is associated with the sammeegpof material from the beginning of
the simulation to the conclusion of the cuttinggass. A schematic of such a mesh is

given below in Figure 3-1, where a simple meshuigexct to a pure shearing motion.
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Figure 3-1: A Lagrangian Mesh in Pure Shear

This is the most commonly used formulation to dateithe metal cutting process.
In order to construct a model for this, the workgiés separated into two sections, as
shown below in Figure 3-2. The nomenclature fos¢ghgurfaces defined in this
simulation are also indicated. The upper segmethieiportion of the workpiece which
will form the chip and the bottom segment will fothe finished piece. The separation

between the chip underside and the machined suddhe predefined crack path.

Tool Tool

Chip Underside

Chip Underside o Und
Parting Line \____— [Partingline \

Generated Surface Generated Surface

Workpiece Workpiece

Figure 3-2: UL Segments

The undeformed chip and the machined surface areddy a conditional link
element. This is an element which has the samerialgbeoperties as the rest of the
workpiece but is allowed to fracture based on sbiaure criterion. This fracture
criterion is of primary importance in such a sintigla and will be further addressed later

in this section. ALagrangiansimulation with an excessively large mesh is shbelow
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in Figure 3-3 to elucidate the process, the comaiti link elements have been highlighted

in red.

[TTTTITH

T
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ATV T
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Figure 3-3: UL Simulation with Massive Element Size

If the chip being modeled is continuous the ongnatnts allowed to fracture are
the conditional link elements. However discontinsighips require substantially more
complex fracture criteria. One option for thisasuse Recht’s criterion which predicts
catastrophic failure due to adiabatic slip. Thipgens when the thermal softening in the
primary shear deformation zone overwhelms therstrardening rate. The results is a

catastrophic shear along the shear plane, yieldisgpntinuous chips [63].

Because there is no re-meshing in this formulagiod the fracture path is pre-
defined it is possible to generate inhomogeneoti;igunodels in which the very
microstructure of the material being cut can be ehedito show its influence on chip

formation [57, 58, 64].

There are however several disadvantages tbhdageangianformulation, the most
obvious one of these is the difficulty of selectaguitable fracture criterion for the
conditional link elements. Choosing both the typd walues for the fracture criteria has

great influence on the results obtained from theuation. A number of different fracture
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criteria have been used. They are all based ombioair principles, namely, maximum
allowable nodal separation, threshold equivaleastnt strain, max allowable stress and

strain energy density based criteria [45, 53, 7899].

A second disadvantage of this model type is thainggpredefined the fracture
path there is no allowance made for a stagnanbmegyi built up edge ahead of the cutting
tool. This is however largely irrelevant as thenfiokation does not allow for anything but
perfectly sharp tools. This is because near thiingueédge of a honed or chamfered tool
the deformation of the elements becomes so selvaté¢he solution becomes unstable.
This presents the single largest disadvantagegartbthod in terms of its use for realistic
cutting simulation. The lack of a cutting edge tadiesults in under prediction of the
cutting forces, temperatures and of residual steed3espite these disadvantages the
updated_agrangianmethod is still frequently used due to its relatsimplicity and
ability to handle workpiece microstructure. Howewbte method is unsuitable for the

purposes of residual stress prediction.

3.4 Eulerian Formulation

A fully Eulerianformulation is most commonly seen in fluid flowilations,
since for this type of simulations the mesh nodediged to a specific coordinate and the
material flows through it. This is illustrated belan Figure 3-4, where it can be seen that

the material boundaries move, however the nodatipos remain fixed.
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Figure 3-4: Fully Eulerian Mesh in Pure Shear

An Eulerianformulation is particularly attractive for metaltting as very high
strains are experienced and thus large mesh disterdre necessary. However, a serious
drawback to this formulation is that the chip shapest be knowm priori. This is
because the mesh cannot move and is constrairibd oitial geometry. To overcome
this problem some iterative procedures have beastigated with limited success [96]
[97], wherein an initial chip geometry is assumad & adjusted based on the resulting
boundary stresses. In terms of residual stressgbi@tthere is, however, a very serious
flaw to this formulation, which is that the mateéimmodeled as viscoplastic. This
ignores the elastic properties of the workpieces ttesidual stress prediction is simply

not possible using daulerianapproach [98].

3.5 ALE Formulation

Arbirary Lagrangian Eularian(ALE) formulation seeks to combine the advantages
of bothEulerianandLagrangiansimulations. In ALE, nodes are neither fixed te th
underlying material nor are they fixed in spacstéad the nodes are allowed to move in
any arbitrary manner as defined by the user. THUES i& similar to adaptive re-meshing
in that it seeks to optimize mesh quality througttbe simulation.However it is
important to note that unlike adaptive re-meshioghew elements or nodes are created

using ALE. It is simply a node motion scheme.
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In the past ALE cutting models were designed bgvalhig unconstrained ALE
mesh sweeps over the entire model; however this lEapoor mesh quality near the
cutting edge of the tool. Furthermore the increasedh distortion associated with large
cutting edge radii causes robustness problems@ng@utation time suffers [99]. These
stability problems can be avoided by using a morectired approach to meshing. To
this effect the workpiece is separated into fognsents as shown in Figure 3-5. The
mesh in three of these segments (show in light)gsegllowed to flow freely, the mesh
nearest the cutting edge (shown in dark gray) vedwver fully constrained in space asin a

Eularian simulation.

—— Lagrangian Boundary
Eulerian Boundary
Unconstrained ALE Region

Fully Constrained ALE Region '

oo :

Tool

Workpiece

Figure 3-5: Partitioning Scheme for ALE

This configuration not only minimizes mesh distontinear the cutting edge but

also forces chip separation, thus negating the fareglfracture criterion.

Not allowing for fracture no doubt ignores sometd specific cutting energy.

However, from classical metal cutting principlestépecific energy of surface formation
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is known to be three or four orders of magnituds ldan the total specific cutting energy

[100].

From the partitioning scheme shown in Figure 345 @vident that an initial chip is
necessary for this formulation. However, it hasrbgigown that this initial size has no
effect on the steady state chip formed after thdehbas reached steady state cutting

[74].

3.6 Material Models

Finding a suitable material model for simulating ttutting process is not a trivial
matter, and a large body of work exist about thsd. The two material models which
have found the most wide application when simutatiretal cutting are an empirical
material model proposed by Johnson and Cook [18d Jeadislocation mechanics based

model developed by Zerilli and Armstrong [102].

The Johnson-Cooknaterial model is perhaps the most successfulliepmodel for
the metal cutting process [103]. This model corrsitdlee material to be homogeneous,
free of defects ,and defines its von Mises flowesdras a function of strain, strain rate and
temperature. Each of the above independent an@gsoa@riables are within tdehnson-

Cookmodel expressed by their own term in this contstié equation .

o = (A + Be") (1 +Cln (g)) <1 - (TT __Y;i )m> (3-2)

Where the descriptions of the variables and pammmeaire given in Table 3-11 below.
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Table 3-11: Variables and Parameter s of the Johnson-Cook M odel

o- Flow Stress &- Equivalent Plastic Strain &- Equivalent Plastic Strain Ratg
A — Initial Yield Strength B — Strain Hardening Gfigient | n - Strain Hardening Exponent

C — Strain Rate Coefficient £,- Reference Plastic Strain RateTr — Reference Temperature

T — Current Temperature mF Melting Temperature m — Thermal Softening Expanen

In this equation the first term corresponds toisthardening, the second to strain
rate sensitivity and the third term expresses tfezeof thermal softening due to

temperature rise of the workpiece.

Since the strain rates in metal cutting are lacgayentional tensile testing is not a
suitable approach for measuring the parametersreztun theJohnson-Cooknaterial
model. Typically, to determine these parametelsgit strain rates, a Split Hopkins Bar
(SPHB) compression test is performed. In this madhagy, the test sample is placed
between the flat faces of two bars, one of whiaxislosively actuated to apply a
pressure wave to the test sample. The samplensctimapressed between the two bars as
the pressure wave is transmitted. The displaceateht free end of the other bar is then
measured and related to the stress time curveedeited sample. This in turn can be

expressed as a stress-strain curve for the mafegi4).

In order to evaluate all five of tl®hnson-Coolparameters the stress strain curve
needs to be completed over a range of temperaaestrain rates. At a minimum one
additional temperature and one additional strdi® ase required to determine the five

parameters.
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There are two ways in which the parameters arenwammy extrapolated from the
experimental data. The more rigorous method itéopm a weighted sum of squared
differences between calculated and measured vdluethis method is very lengthy
since an absolute minimum has to be found by vgriire constants. In lieu of this,
stress-strain data is obtained by curve fittingdatwhich some parameters are held
fixed. TheA parameter in thdohnson-Cooknodel is simply the yield stress at the
reference temperature and strain rate. Furthéneateference temperature and strain rate,
the thermal softening and strain rate sensitiatynis disappear, reducing the model to
simple power law hardening. As such, Biand n terms can easily be regressed. Then, by
examining the measured stress data for cases whirene variable is left
unconstrained, the material constant related suhconstrained variable can be fitted

[87].

In most materials, there is some interaction betwibe effects of thermal
softening and the strain rate sensitivity, yetibknson-Cooknaterial model separates
the influence of these. This can lead to poordiiNeen the material model and
measurements, particularly at conditions whichificantly differ from the reference
strain rate and temperature. For this reasonm®rtant to perform material tests at

strain rates similar to those of the process beingstigated [87].

Given the variability in the microstructure of asgn steel, based on previous
processing or heat treatment, it is not surprisinag significant inconsistencies can be
found in the material parameters available in ifeedture for said steel. This is further

complicated by the significant effect that the cleoof reference strain rate and
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temperature has on the regressed material paranpéeticularly if the parameters are
individually determined rather than through a lesagtares regression for all parameters.
In fact the lack of reliable and consistent matat&a presents one of the most
significant challenges in the simulation of metatting [44]. Since thdohnson-Cook
material parameters have a significant effect enptfedicted residual stresses, the choice
of these parameters is crucial. For this reasogtaldd study on the effect of varying the
parameters of the Johnson-Cook material model @prtédicted residual stresses was
carried out by Nasr [126].For the carbide tool yathle elastic properties were considered

due to the brittle nature of the tool. The tooltaugawas also considered purely elastic.

3.7 Interfacial Friction

The typical shear stress distribution, first ddsedi by Zorev [100], are shown in
Figure 3-6. This model of the interface remainsrtiust accepted as it has been validated
experimentally by both Shaw [100] and Oezel [70he shear limit imposed by this
model represents the point at which the effectongtact area approaches the apparent
contact area, at which point the resistance tangjidxceeds the shear strength of the
workpiece material and the material continuouskesh at the interface instead of

sliding.
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Figure 3-6: Normal Pressure and Shear Stress along Rake Face (Adapted from [100])

In attempts to capture this behaviour Yen et &5][Japplied a fixed room
temperature shear limit value at the high presenceof a simple columbic friction law.
This was clearly unrealistic since the shear Ishibuld be a function of temperature,
strain and strain rate. An alternative to incorgiagathis shear limit is to assign a
constant friction value to the workpiece elementha tool-workpiece interface. At high
contact pressures as the resistance to slidingpappes the shear strength of the material
the element will shear. This shearing behavioaoigtrolled by the material model
described above. So if the element is sufficiesthall the interfacial shearing can be
captured in the element. Thus the shear limit besoarfunction of strain, strain rate and

temperature, without the need for a complicatedamirsubroutine.

For this reason the tool-workpiece interactiontfas work was modeled in
ABAQUS as a contact pair, following a simple coluoibiction law with a master-slave

configuration. An isotropic coefficient of frictiowas assumed at 0.2, this was in order to
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match average tribometer results for the same weckpand tool material pairings. This
means that for all the work presented in this 8)dbie same friction model was used to
characterize both the rake-chip interface, as asthe wearland-machined surface
interface. In other words the secondary and tgrtdaformation zones were characterized

with the same parameters in each model.

In ABAQUS there are two contact algorithms which t& used to correct the
slave penetration into the master surface, kinenaaitl penalty contact algorithms. These
two methods differ in how they apply the correctiorihe slave nodes after penetration
has occurred. The kinematic algorithm calculatesreecting acceleration which would
have prevented the penetration and applies thtseimext time step to the penetrating
slave node. The penalty algorithm, however, catesla fictional spring stiffness which
when applied between the master and slave nodelsl wesult in sufficient force to
resolve the penetration. Thus, the penalty algarilids some stiffness into the model
which in turn affects the maximum stable time imeceat, but the added benefit is that
this formulation tends to be more numerically sgll06]. For the simulations
considered in this work no instabilities were inddaising the kinematic contact
algorithm. However, for cases where contact instags develop, the penalty algorithm

could be used at a numerical cost.

3.8 Heat Generation

There are two main types of heating which neecetodnsidered in the cutting

simulations; heat generation due to plastic wouk that generated through friction.
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The rate of heat generatio@p() Is determined as a fraction of plastic deformatio

energy, defined as [90]:
sznXaxé (3-3)

whereo is the flow stressi the plastic strain rate amathe fraction of the plastic
deformation energy converted to heat. Typicallyfthetion ¢) is taken to be in the

range of 0.85 and 0.95 [16, 24] .

Similarly, the heat generated through fricti@}Xis determined as a fraction of

the frictional work that is converted to heat.
Qf =Y X Fr XV, (3-4)

whereFy, V. andy are the friction force, chip velocity and the fian of the

frictional energy that is converted to heat respebt [63].

In this workn andy were assumed to be 0.9. Ambient temperature veasras]
to be 25C and applied as initial conditions to all simubat. In terms of the cutting
model, the predominant heat source is in the pgraaear deformation zone where most
of the plastic work occurs. However in the secopdand tertiary zones the heating is

predominantly frictional.

3.9 Constraints

The constraints needed to affect the cut can baratgul into boundary conditions,

Figure 3-7a, and the ALE constraints, Figure 37t cutting tool is held fixed in two
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directions along the back and top surface. This@ggh ignores the machine dynamics;
these could be included by attaching tuned spnmtjdamper elements on the tool.
However, since the simulated time scale is verytskite dynamic response of the
machine tool is ignored in the simulations. Therefphenomenon such as regenerative

chatter and force response cannot be accuratelyreapas a result.

The cutting speed is applied at the workpieceHa ¢utting model. To this effect,
the bottom of the workpiece is held fixed in thetial direction and moved at the
cutting speed in the horizontal direction, thesertoary conditions are labelled in Figure

3-7a.

The specifics of the ALE constraints are also ingoatrin achieving a stable
cutting mode. A re-meshing frequency of 10 re-maglsweeps is used every 150
increments, with 300 initial sweeps. In terms & #patial constraints, the workpiece was
separated into four separate ALE regions with ckifié constraints. The regions are: one
fully constrained region near the cutting edge, padially constrained regions each side
of the fixed region and then the remaining unca@iséd elements. These regions are

labelled in Figure 3-7b.

The fully constrained region near the cutting egggvents the mesh deformation
associated with the stagnation region. The payt@hstrained regions are fixed only in
the vertical direction in order to allow for a matense mesh near the surface of the
workpiece. Without these regions the ALE algorittwould redistribute the initial mesh

grading to be uniform through the whole workpietlee unconstrained regions are left
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free to re-mesh in order to achieve a smooth meshité the large volumetric changes

experienced as the chip is formed.

é —— Lagrangian Boundary
Q\ Fully Constrained Boundary ---=- Eulerian Boundary
A Sliding Boundary Condition O Unconstrained ALE Region
é Il Fully Constrained ALE Region
[0  Vertically Constrained ALE Region
Workpiece
& &— a—

Figure 3-7: Boundary Conditionsand AL E Constraints
3.10 Thermal Relaxation M odule

When simulating residual stresses the tangentiesstprofile is of main interest,
since this is the stress that most affects cradpawgation [74]. Before this solution
variable can be taken from the ALE model a relaxatstep is introduced within
ABAQUS to relax the mechanical boundary conditiohter the mechanical relaxation
step, there is still a temperature gradient inpitue. Therefore, a thermal relaxation step is
required. The time scales associated with the thkerelaxation are several orders of
magnitude larger than the cutting time, thus a/fekplicit relaxation of the entire cutting
model would take a substantial amount of computatidime. Instead, a small slice of
elements is extracted from the newly formed worgépieThe temperatures and stresses
for these elements are output and the relaxatiothes handled in MATLAB. The
problem reduces to one dimensional heat diffusiince the time scales are still quite

small the effects of convection were consideredigibde, and the problem was treated
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as pure self-quenching. Also the temperatures #fteiinitial mechanical relaxation are
small (<300°C) allowing the thermal changes to be coupled Withstress field through
simple elastic behaviour. That is to say the rdlakadoes not enter the plastic regime.
Thus the stress increment at any titnecan simply be calculated with Equation (3-5)
where E is the Young’s modulusT is the local temperature aril is the rate of

temperature change ands the thermal expansion coefficient.
6 =E(Ma(T)T (3-5

Where thermal history is of no concern there is me®ed to solve the one
dimensional problem, the starting and ending teatpees are all that is needed and a
constant increment can be used in Figure (3-5)hEuif E(T) anda(T) are integrated to
yield an average value over temperature range glwaoling, the total stress increment
due to thermal relaxation can be determined withlo@itheed for incrementing, The total
stress increment due to thermal relaxation is gibgrEquation (3-6 wher€el; is the
temperature of the element extracted from the AuUHirmy model andl is the final

relaxation temperature, which is usually room terapee.

OTRp = Eavg Aavg (Tg — Tg) (3-6)
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Chapter 4
Experimental Procedure

In this chapter the laboratory work for obtainihg tutting forces and residual
stress profiles for this work is discussed. Thempairpose of these measurements was
for the validation of two dimensional cutting maglethus orthogonal cutting test were
performed, and analysed. The cutting tests theraselke described first, followed by the

measurement techniques.

4.1 Cutting Tests

In order for the experimental cutting tests to rhate two dimensional
simulations, so called orthogonal cutting testsraqeiired. In this work, this was
achieved by turning thin disks of the workpiecegwsh schematically in Figure 4-1. As
long as the feed per revolution is kept below @rek the width of a rib, the material side
flow is minimal and the process can be treated@arge strain deformation process

[100].

&00\

Figure 4-1: Schematic of Rib Turning
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Grooves were machined into a cylindrical workpibee, as shown in Figure 4-2
below. The grooves were then machined as parteoétiperimental validation study of
the orthogonal cutting process. A six inch bar 8614140 was chosen for the

experimental study.

Feed diréctibn
F -

~ Dynamometer

Tool holer

=
1"/////!!!!'!1!""

Workpiece material

Figure 4-2: Orthogonal Cutting Setup

Orthogonal dry cutting tests were carried out aBlehringer VDF-180cm CNC
Lathe with a continuous variable speed control ffbto 4,500 rpm and a maximum
spindle power of 37.3 kW. Cutting forces were meagwsing a Kistler three component
stationary piezoelectric dynamometer (type 912libicded range: Fx =0 - 3,000 N, Fy =
0-3,000 N, and Fz =0 - 6,000 N), connectedderges of charge amplifiers (type
5011A, with a frequency limit of 200 kHz). Data acgjtion was accomplished using an
analogue to digital converter card connected tmh performance computer, which was

capable of sampling at 200 KS/sec per channel.
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4.2 Workpiece and Tool Materials

The results obtained in this thesis are organiatmthe next 3 chapters (5-7).
These chapters are concerned with small uncuttbighnesses (Chapter 5), effects of
choice of friction model (Chapter 6) and the inflae of phase transformations (Chapter

7)

Each of these chapters warranted different worlepget tool materials. For
chapters 5 and 6, the workpiece material used wasohied AISI 1045 with a chemical
composition of 0.43-0.46% C, 0.40% Si, 0.65% M09 Mo, 0.40% Ni and Fe
balance. However, when cutting this material, g#ragerature reached was insufficient to
induce surface phase transformations. Therforé&ereint material, AISI 4140 with a
chemical composition of 0.38-0.43% C, 0.75% Mn0@o3Cr, 0.15% Mo, 0.15% Si and
Fe balance, was selected for the phase transfammstiidy presented in chapter 7. AlSI
4140 was chosen because it cut with continuoussalmper conditions that induced

phase transformations.

The cutting tools used for all sets of experimevise made of cemented tungsten
carbide, but the tool for the first phase was P\dated with TIAIN-TiN to prevent any
tool wear during testing, inserts were inspecteerajfutting to ensure no appreciable
wear had occurred. Further, to ensure minimal tianaetween cutting edge radii inserts
were taken from the same batch. Since tool weardeasable for the second and third
phases, uncoated tools were used.In all casessgbes used were triangular flat faced

inserts (TNG type)
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A brief summary of the workpiece and tool mateasiwell as tool coating can be

found in Table 4-I.

Table 4-1: Workpiece and Tool Materials

Chapter 5 | Chapter 6 Chapter|7

Workpiece AIS11045| AISI 1045AIS1 4140

Tool wC wC wC

Tool Coating| TIiAIN-TiN | None None

4.3 Tool Wear M easur ement

In order to quantify the tool wear and accurategasure the actual profile of the

cutting edge, inserts were assessed both beforaf@rcutting.

A Nikon AZ100M optical microscope with an automa®igor ProScan Il stage
was used to capture images uniformly spaced inengcal direction (Lum spacing). This
image stack was then processed into a 3D surfatteeafutting edge using Nikon NIS
Elements. The average geometry across the widtbhtafias curve fit using a b-spline. A
tool developed by Youssefian and Koshy [107], weeduto represent the cutting edge as
contour based parameters. Flank and crater ware degermined by straight line
regressions to the average shape. Where tool we@aeasured and integrated in the
cutting model, the simplified worn geometries drewn in the relevant chapters (6 and

7).
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4.4 Residual Stress M easur ement

Despite a number of existing techniques that ale tabmeasure residual stress
depth profiles in a non-destructive manner, X-rdfyattion coupled with etching
remains the industrial standard. This combined wighdifficulty of access to many of
the newer techniques resolved the choice of X-rHisadtion as the measurement

technique used in this work.

In order to obtain depth profiles of the residustsses remaining within the
machined discs, residual stress measurements hotigedirection were taken using a X-
ray diffractometer (XSTRESS 3000). The radiatioarse used was Crd&with a 2 mm
diameter spot size. Electrochemical etching (20%¢tperic acid + 80% ethanol) was
employed to remove surface and sub-surface lagetté depth profile measurements.
These measurements were taken out of house byGaB081:2008 certified company. As
a matter of procedure the measured residual gtrefites were only revealed upon
completion of the residual stress prediction arddbmparison was then made under
supervision. Further, residual stress measurenoéti® annealed AlSI 1045 sample
were to establish the initial state of the workpiethese measurements are given in
Appendix I. The residual stresses recovered torakat a depth of 7Qm, however since
the material was cut to a depth of approximatelynbd these measurements are not

critical to the work performed.
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45 Experimental Test Matrix

As mentioned earlier, this work is separated ihtee¢ separate sections each
discussed in its own chapter (Chapters 5, 6 anBath one of these required slightly
different cutting parameters, the test matrix facteof these sections is given in tables
within the relevant chapter. All the testing paréeng were selected to ensure that chips
were continuous, that cutting was stable and chditienot occur. In the first two cases,
as detailed Table 5-lll and Table 6-Il, it wasoal®perative that no phase
transformations occurred, whilst the opposite was of the last case, as shown in Table
7-111. For the second and third sections cuttind t@be sufficiently aggressive to incur

significant tool wear within the cutting time.
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Chapter 5.
Residual Stress Prediction when using
Small Uncut Chip Thicknesses

In this chapter a sequential cut module is intreduic order to predict residual
stresses when using small uncut chip thicknessesrdsidual stress profiles predicted

using this module are compared to experimentaltgiobd values.

Since the experimental work and test matrix isaalyediscussed in Chapter 4, this
chapter begins by discussing the particulars ottheng model used in this work,
focusing on the specific parameters used withiffridm@ework of the basic cutting
module described in Chapter 3 as well as on theesg@l cut module, the results of

which are then discussed.
5.1 Mode€ Details

5.1.1 Metal Cutting Simulation Module

The general finite element model used for this weds discussed earlier in detall
in Chapter 3. However this section will discuss theque additions to the model for
residual stress prediction when using small untip thickness as well as the specific

parameters needed for the accurate simulation.

The Johnson-Cookmaterial model was used to mathematicaly desctitee
workpiece material homogeneous plasticity behaamra function of strain, strain rate

and temperature as shown again in (5-1, wherenttieidual terms in square brackets
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were described earlier in Chapter 3. The consiasgd in this work are listed in Table 5-I
where the first term corresponds to strain hardgrime second to strain rate sensitivity

and the third term expresses the effect of thesofiéning.

o =[A+ Be"] [1 +Cln (i)] l1 - ( o~ 6 )ml (5-1)

Table5-1: AlSI 1045 Johnson Cook M aterial Constants[105].

A (MPa) | B (MPa) n c € (sD |6, (°C) m

553.1 600.8 0.243 0.0134 1 1400 1

Due to the brittle nature of the carbide mateoaly elastic properties of the PVD
coated tool were considered. Table 5-1I lists treehanical and physical properties of the

tool and coating materials.

Table5-11: Tool Substrate and Coating M aterials M echanical and Physical Properties.

Substrate Material (94% Tool Coating
WC — 6% Co) [105] TiAIN [108]
Modulus of elasticity (GPa) 612 370 (20)
350 (250°C)
Poisson'’s ratio 0.22 0.1709
Specific heat capacity (J/kg K) 334.01 +0.12 518
Thermal conductivity (W/m K) 86 50 (20 — 860)
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5.1.2 Sequential Cut Module

Using the methodology outlined in section 3.10rdsdual stresses for a cut can be
predicted. In addition to the stresses calculatgtlis manner the plastic strain must be
saved to be later used as the initial conditiomsHe second pass.

Stress, Strains &
Temperature History

H 1 &

ALE Cutting Thermal Relaxation

l Stress, Strains &

\4& Temperature History

[ ] | B

ALE Cutting Thermal Relaxation

Depth
Combined Residual Stress Profile

Figure5-1: Schematic of the Sequential Cut Module

In order to implement a sequential cut modulentfost complicated part is
how to impart the workpiece history from the fipstss to the second pass, while solving
for the thermal relaxation in a different solvehi§requires using the predicted residual
stress depth profile, as well as the equivalergtatrain (PEEQ) as the initial condition
for the second pass. After the relaxed stresdlligton is calculated in the thermal
relaxation module, the solution variables are agplo the ALE cutting model as an
initial field. This is achieved by outputting thaBAQUS mesh file to MATLAB, where
the coordinate of the centroid of each elemenetsrhined in order to interpolate the
various element fields (stresses and equivalestiplatrain) for the entire workpiece.
Once these initial fields have been defined, a selwtion step is required before the

cutting simulation can be started. The interpotatd solution variables can lead the
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solution to be non-equilibrium. Therefore a steperpuired in which all nodes are held
fixed, and the stress solution is allowed to eQualie. After this step the previous
boundary conditions are applied again in ordefffecathe second cut. This step is then
relaxed in the exact same manner as the firsiocobbtain the final residual stress profile.

This is schematically illustrated in Figure 5-2.
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/ Tool-Workpiece Interaction & Boundary Condi
|
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(Explicit ALE Formulation)
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equilibrate stress profile

Steady State Reached?

— I
CStore Plastic Strain C Apply Saved Plastic Strain and

Stress Profile as Initial
End of Cut

Conditions for Cutting Model

1S 1 SHiplratui® Hi Y
W
- Extract Stress & Strain From

ALE Cutting Model ALE Cutting Model
Input Model Geometry
/95 Material Propertles Input Model Geometry
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| Advance time step
1

Update Temperatures (1-D Calculate total temperature

Heat Equation) & Calculate change to room temperature

Stress Increment (Eq 3-5).

No Calculate total stress
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room temp
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CStore Stress Profile C
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(<100pum)
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Figure 5-2: Flowchart of Sequential Cut Procedure
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Table 5-lll list the simulation test matrix and leigmodels will be presented. The
simulation parameters are exactly the same as Aperimental parameters listed in
Chapter 4. Four simulations were performed withtbet sequential cut module and four

with the sequential cut module.

Table5-111: Simulation Test Matrix.

Cutting speed (m/min) 100 200
Undeformed chip thickness (mm) 0.07 0.14 0.0y 0.14
Without sequential cut module Model|l1 Mode|l2 Mo8egl Model 4
With sequential cut module Model5 Model 6 Mode| Model 8

5.2 Resultsand Discussion
Figure 5-3 shows the residual stress profilesherhoop direction, at 0.07 mm
undeformed chip thickness at cutting speeds of@in and 200 m/min. The error bars
indicate the deviation in the measurement at eagpthd Since the x-ray spot size
encompasses a number of different workpiece gransje scatter in the measured
residual stresses values is expected. Also sineexitay measurement is taken over a
penetration depth of aroundqu® some further scatter is inherent. The combinatibn

these two reasons lead to the significant scaliserwed in Figure 5-3.

At the machined surface, both residual stress Ipsofivere tensile. The profiles
changed to a compressive state at a depth of di9put. At the lower speed, the tensile

residual stresses penetrate deeper into the makchkuréace in comparison to the higher
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cutting speed. Similar trends of cutting speed weresidual stress profile were reported
in AISI 316L steel [79]. This was likely due to higr heat flux flowing into the
workpiece material at the lower cutting speed. F@g®-4 shows the temperature
distribution beneath the newly machined surfacaiobtl from the FE model at the same
process simulation time. The difference in surfareperature for the two cutting speeds
was less than 15 C. However at a depth @in2%he temperature difference increased to
about 60C when the average temperature dropped by aroudC20his indicates that
the heat flux flowing into the workpiece materiahsvhigher at the lower cutting speed.
This is perhaps due to increased time taken forctiting edge to move across the
machined surface compared to the higher cuttingdpBecause the workpiece material
is strain rate insensitive, a significant increas®ork is not expected, as such increased
temperatures are not expected. Also the increggeedsleads to decreased interaction
time between the chip, tool and workpiece, this Maause lower temperatures beneath

the machined surface for the higher cutting speed.

The reduction in thermal softening experiencetigher cutting speeds, explains

the increased compression observed in the resstigals profile.
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Figure5-3: Experimentally M easured Residual Stress Depth Profile at Fixed Undeformed Chip
Thickness of 0.07 mm at 100 m/min and 200 m/min Cutting Speed
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Figure 5-4: Effect of Cutting Speed on Temperature Distribution Beneath the Newly Machined
Surface

Figure 5-5 shows a comparison between measuregraddcted residual stresses

profiles with and without the sequential cut modatea cutting speed of 100 m/min and

61



Ph.D. Thesis McMaster University
Y. Ziada Department of Mechanical Engineering

0.07 mm undeformed chip thickness. The residuatstprofile with the sequential model
is clearly much closer to the experimental data gan@d to the one without. This is
attributed to the increased sensitivity of the deal stress profile to the pre-existing
conditions of the workpiece, arising from the paing cut. Therefore, in order to
improve the accuracy of the predicted residualsses, inclusion of the sequential cut
module in the analysis is critical. Also the sedigrcut module, resulted in decreased
penetration depth of the tensile layer comparethéoprediction without the sequential
cut module. Ee et.al. [13] found that the residste¢sses were tensile but decayed more
quickly with distance from the surface to zerohe second cut compared to that without
the sequential cut, which was similar to the trebderved in Figure 5-5. Similar trends

were also reported by [47].

700 !100 m/min, 0.07 mm/re!v
! T T !
= 600 ) Prediction without sequential cut module
2 500
2 40k
— 400
3 300 TH /
& 200 \\\\‘ Measured profile
g 100 N i
2 )& S/ik\ X
@ -100 —1 =
-200
-300 Prediction with sequential cut module-
-400 | ] ] | |

0 25 50 75 100 125 150 175
Depth Beneath Machined Surfagen)

Figure 5-5: Comparison Between M easured and Predicted Residual Stress Profile at 100 m/min
Cutting Speed and 0.07 mm Undeformed Chip Thickness
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Figure 5-6 shows the temperature profile benea¢hrntewly machined surface
after passing through the cutting edge. It was mfesk that the temperature and
penetration depth after the sequential cut mod@eevhigher than those in the case with
no sequential cut. However, the maximum temperadiifference was less than 50 C,
which is at a depth of p0n. Therefore it can be concluded that the stredisced by the
thermal loading cannot have such a significantcéfien the residual stress profile.
Furthermore, for the higher temperature profilehwibhe sequential cuts, the residual
stresses should be more tensile compared to the wils no sequential cuts. This is

contrary to the simulated residual stresses resufgyure 5-5.
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Figure 5-6: Temperatur e Profile Beneath the Newly Machined Surface after Passing through the
Cutting Edge at 100 m/min Cutting Speed and 0.07 mm Undefor med Chip Thickness.

Since the temperature history is known, the residiress induced purely by
thermal means can be estimated using a decoupksthah relaxation module. By

subtracting this estimate from the total predigtesidual stress the mechanically induced
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contribution towards the total residual stress ifgafas obtained. This yielded a simple
way of analysing the relative magnitude of the namotal and thermal contributions to

the total residual stress profile.

Figure 5-7 shows the thermal and mechanical indlsteess distributions beneath
the newly machined surface. As expected, the theindaced stresses with and without
the sequential cut module were similar. Howeveg, rttechanical induced stresses were
more compressive and the penetration depth deefibrtie sequential cut module.
Therefore, with the sequential cut module, the ioted residual stresses were more

compressive when compared to without the sequenttahodule.

100( T T T
800 k Thermal induced stress
\\ without sequential cut module
600 N\ i i
= 400 AN Thermal induced stress
o N with sequential cut module
2 200 \ -
2 I P —
) 0 \ PR - 7—%?
P 200 } = - /:/_ Mer(]:hanical inolluced stress
w_-—" with sequential cut
-400 N\ | .
600 Mechanical induced stress
" without sequential cut module
-800 : : :
0 25 50 75 100 125 150 175

Depth Beneath Machined Surfagan(

Figure5-7: Thermal and M echanical Induced Stress Distributions Beneath the Newly M achined
Surface for 100 m/min Cutting Speed and 0.07 mm Undefor med Chip Thickness.

Higher mechanically induced stresses from the esattpl cut module are due to

the pre-existence of residual stress field gendrétem the previous cut. With the
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sequential cut module, the residual stress fieldegged from the previous cut was
incorporated into the cutting model. The detaildeal stress field is shown in Figure 5-5
(dashed line). The predicted tensile residual styg®file without the sequential cut
module was ~5@m deep. This implies that the sub surface hardmesdt be higher than
the bulk material. This was also observed by [1@®fn turning AISI 1045 in the
annealed state at 100 m/min cutting speed and tlundeformed chip thickness. Han
measured the micro-hardness with the machiningpeter mentioned earlier and found
that the sub surface hardness was 15 % higher ttmarbulk hardness. The higher
hardness is usually associated with #healue from Johnson Cook material constitutive
equation, which was the initial plastic flow stresmszero plastic strain, see (5-1. With
higher hardness magnitude, the stress and eneygired to strain the material increases.
This is schematically illustrated in Figure 5-8 whéhe stress and energy generated with

and without the pre hardened layer are compared.

Figure 5-9 shows the effect of including the sedqaércut module on temperature
distribution through the chip.By including the seqtial cut module higher temperature
were generated at the free surface of the chips Was due to the material hardening that
was generated from the previous cut. When includhmg residual stresses from the
previous cut, the energy generated from plastiord&ition was higher as shown in
Figure 5-8 (c). Towards the cutting edge, the teaipee generated with the sequential
cut module did not show any substantial differenteis was because the penetration
depth of the residual stresses was only #6® from the free surface. Figure 5-10
compares the cutting force from experimental resathd prediction with and without
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sequential cut module for various cutting speeds depth of cut. At 0.07 mm/rev, the
prediction with sequential cut module was higherewlcompared to the case of no

sequential cuts. This was likely due to the predbaed sub surface of the workpiece

material.

Unhardened Material Pre Hardened Material Overlay of Area (Energy)

P P s

A

Stress
Stress

Strain Strain

(@ (b) (©
Figure 5-8: Schematic of Stressand Energy Released in Pre-Hardened Layer.
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Figure 5-9: Temperature Distribution through the Chip at 100 m/min Cutting Speed and 0.70 mm
Undeformed Chip Thickness
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Figure 5-11 compares the residual stress profdeth with and without the
sequential cut modules with experimental result2G m/min cutting speed and 0.07
mm undeformed chip thickness. The prediction with sequential cut module agreed
substantially better with experiments than thosthaut the sequential cut module. This
trend was similar to that found in Figure 5-5. Heee when the undeformed chip
thickness was increased to 0.14 mm, as shown iré&&-12 and Figure 5-13, both at100
m/min and 200 m/min cutting speed, the sequentibhtdule did not have a significant
effect on the residual stress profiles. At the higldeformed chip thickness of 0.14 mm,
the cutting edge is engaging the workpiece maténat was not affected by the previous
cut residual stresses. From Figure 5-12 and Figut8, the penetration depth of the

residual stresses is < @in, and the undeformed chip thickness used wasrri4
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Figure 5-10: Effect of Process Parameters on Experimental and Predicted Cutting For ces.
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Figure5-11: Comparison Between M easured and Predicted Residual Stress Profile at 200 m/min
Cutting Speed and 0.07 mm Undefor med Chip Thickness
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Figure 5-12: Comparison Between M easured and Predicted Residual Stress Profile at 100 m/min
Cutting Speed and 0.14 mm Undefor med Chip Thickness
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Figure5-13: Comparison Between M easured and Predicted Residual Stress Profile at 200 m/min
Cutting Speed and 0.14 mm Undefor med Chip Thickness

Due to the larger undeformed chip thickness, tb&ltal stresses generated from
the previous cut have little influence on the egtmechanics and thus the residual stress
profile with and without the sequential cut modwiere very similar. At 0.07 mm
undeformed chip thickness, the residual stresstpima depth can be as deep asu6
Therefore, a large fraction of the undeformed ¢hipkness is affected by the residual
stresses generated from the previous cut, whitttisded in the sequential cut model.
Hence the residual stresses showed a significatelce between with and without the
sequential cut module. At 0.14 mm undeformed chigkness, only a smaller fraction of
the uncut chip thickness has a residual stresdgrafich was transferred from the
previous cut. Therefore, the sequential cut motaklittle influence on the residual
stress profile. In general, at the higher undefarietap thickness, the magnitude of

measured compressive residual stresses was hidjeer sompared to the lower
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undeformed chip thickness. This was likely dueighér cutting forces (see Figure 5-10),
i.e., mechanical loading induced on the workpigdaigher undeformed chip thickness.
Increasing the cutting speed did not change tHasairesidual stress magnitude

significantly. This was likely due to AISI 1045 mssitivity to strain rate.
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Chapter 6:
Effect of Friction Models on Residual
Stress Prediction

A suitable choice of friction model is critical émy cutting simulation. However
the literature contains often inadequate and cdidi@ry results [80] [81]. This chapter
will focus on the effect of choice of friction mdd®n the simulation output, particularly
in terms of cutting forces and residual stresserporation of several different friction
models in the cutting model is discussed as wedl lsef summary of the modelling
parameters used. This is followed by a more detaliscussion of the friction at the tool-

chip interface, and then a discussion of the result

6.1 Mode Details

6.1.1 Friction at the Tool-Chip Interface

As discussed in Chapter 3, the frictional charasties within the tool-chip
interface have been studied empirically, in sontaijéor more than a half century ,
most famously by orevin 1963 [100]. In his seminal work typical nornaald shear
stress distributions for this interface were meegursing split tool techniques. The
cutting tool was separated into two separate péwgsiesulting forces were measured at
each tool. By varying the location of the splitihe tools the stresses at the interface can
be mapped. These distributions have since beetiatatl by numerous researchers [70]
[100]. From this work it is known that despite amotonically increasing normal stress

distribution, the shear stress ) reaches a limit beyond which it no longer incesas

71



Ph.D. Thesis McMaster University
Y. Ziada Department of Mechanical Engineering

shear limit ¢p). The typical distribution is depicted in Figuré&3According to this model
sticking occurs near the tool tip, and the workpistides freely over the remaining
region. Using standard Coulomb friction for thelslg region the interface can be
characterized by two distinct regions:

7r(x) = 7, when 0<x<}

(6-1)
Tr(x) = o, (x) when | <x<lc

where X is the distance from the cutting edgés the length of the sticking zone agas|

the length of the contact between the tool and.chip

Although the conditions in the tool-workpiece iritexe are well known through
experimental work, how to implement it in a modahiains contentious. Since friction is
the focus of this chapter, the essential featurefsiction models commonly used in FEA
of metal cutting are discussed below. In induse&alironments, most cutting is
performed in the presence of some lubricationhéngdast this was of the flood type,
whereby the entire work zone is flooded with liga@blant. At present, efforts are made,
for primarily environmental reasons, to elimindteotl cooling in favour of minimum
quality lubrication (MQL). Current knowledge on tbffect of these cutting fluids is
limited, more complex friction models are no dordxjuired to simulate these effects.
New models must be developed to characterize #fésets [44]. The work presented in

this thesis however concerns only dry cutting, ication is ignored.
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In the context of FEA models of metal cutting maayly models ignored friction
altogether [70, 110] . In more recent years, fastikct friction models have been utilized
for cutting simulations: coulomb friction, constasfitear, constant shear in sticking and
coulomb friction in sliding, and lastly a continwgby varying coefficient of friction

throughout the interface [70].
Typel: Coulombs Friction M odel

Based simply on coulombs friction law, a lineaat&inship is defined between
the normal pressure) and the frictional sheat)( here the proportionality constant is

taken as the coefficient of frictiop) as follows: .

T=Uo (6-2)

This model has been described as over simplifiéd,[112] and unable to
accurately capture the sticking and sliding regibthe tool tip. Most commonly the
coefficient of friction for this model is estimateding Merchants cutting circle [70],
from which a relationship for the coefficient oiction can be determined as a function of

cutting force (k), thrust forces(ff and rake angleyj:

F.sina + F; cosa

1% (6-3)

F.cosa — F; sina

Alternatively, the coefficient of friction can laetermined from pin on disc

tribometric experiments [113]. In the absence pireon disc setup by running a lathe in
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reverse and using the flank face of the tool itoavmg action a friction coefficient can

be estimated [114].
Typell: Constant Shear Friction

A constant shear friction model assumes a constagdr stress (k) throughout the
entire tool-chip interface. This shear stress isllg calculated as a fraction of the
material flow stress [70]. Further this materiaMil stress can be estimated as:

k= F. cos ¢ — F, sin? ¢
B 2t,w

(t,/tc)cosa
1 — (t,/t;)sina

(6-4)

¢ =tan™?!

where t t. and w are the uncut chip thickness, the chip tiesk and the width of cut

respectively.

A further shear friction factor still has to beiesdted in order to scale this flow stress to a
suitable level. Estimating this shear friction tads not simple and usually one has to
resort to shear limits established through sptit é&xperiments from cutting tests.

Alternatively shear limits can be estimated froihdlogical experiments [113].

Typelll: Constant Shear in Sticking Region and Coulomb Friction in Sliding

Region

This mixed friction model aims to separate thetimic models used in the sticking

and sliding region in order to mimic Zorevs frigtiomodel. The difficulty here lies in
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determining the point at which the transition oscbetween the two models. In general,
two separate approaches are taken where the lehtjth sticking region can be
measured through experimental means [70, 71, 1THis.length is then used as a fixed
input to the model. However during cutting simwatthis distance is not constant and
the experiments to measure this length are arddlous alternate approaches are often
implemented. This usually entails changing betwegimes at a fixed shear value, most
often the same limit calculated in the constanash@del. No measurements of the
sticking region length is needed. A common sheatt lia measure of the materials shear

strength, based on Von Mises theory is calculased a

(6-5)

whereg, is the uniaxial tensile yield strength of the waidce material [116]. One

researcher used the shear flow stress as therignitlue [71].

Tm = Oy (6-6)

TypelV:Variable Coefficient of Friction through entire Tool-Chip Interface

There are a number of different approaches thabeaaken under this particular
heading, Usui et al [117] and Dirikolu et al. [118)rked out relations that describe the
frictional behaviour as a function of various paedens that affect the tool-chip interface:

most notably shear limit, normal pressure and semgirical coefficients. A more direct
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method is to measure the relationship experimgnit&ttween normal pressure and shear

stress from the results of cutting tests or pirdise tests [113].

Orthogonal cutting experiments are compared tgthdicted forces and residual
stress profiles obtained using different frictionaels, in order to investigate the
influence of these friction models on the predictioThe cutting parameters and material
coefficients were held fixed while varying only tfiretion model. Using common
techniques from literature, a total of 10 commactifsn conditions were identified, and a
test matrix developed (see Table 6-1). The testimatas run for each tool wear
geometry. The effective model type, noted in Td&blewill be discussed later in the

chapter.
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Table6-I: Test Matrix for Various Friction Conditions

# Label COF (u)| Shear Limit Effective Tool Wear
(tm) Model Type | (um)

1 pn=0.1 0.1 None Type | 71.5and 175/5
2 pn=0.11,=257 0.1 257 MPa Type | 71.5 and 175/5
3 pn=0.17t,=490 0.1 490 MPa Type | 71.5 and 175/5
4 pn=0.22 0.22 None Type | 71.5 and 175|5
5 n=0.22t,=257 | 0.22 257 MPa | Typell 71.5 and 1755
6 n=0.22t,=490 | 0.22 490 MPa Type | 71.5 and 175|5
7 n=0.5 0.5 None Type | 71.5 and 1755
8 pn=0.51,=257 0.5 257 MPa Type Il 71.5and 1755
9 pn=0.51,=490 0.5 490 MPa Type | 71.5and 175/5
10 u=flon) f(on) None Type 4 71.5and 175.%

The experimental test matrix for the same worghiswn below:

Table 6-11: Effect of Friction Model Test Matrix (AlSI 1045 Cut Using an Uncoated WC Tool)

Test #| Feed Speed Rib WidthRib Depth C_utting Tool Wear
1 200 pm/rev 200 m/min| 3 mm 25 mm Témseec 71.5 pm
2 200 pm/rev 200 m/min| 3 mm 25 mm 9 Sec 157.5 pm
3 200 pm/rev 200 m/min| 3 mm 25 mm 12 Sec 175.5 um

6.1.2 Modeling Parameters
The material in this work, AISI 1045, was cut usarguncoated cemented carbide

tool. The workpiece was treated as an elasticiplasdy, whilst the tool was treated as
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purely elastic. The thermo-mechanical propertiesider this work are given in Table 5-1
and Table 6-1ll. The thermal relaxation of the wadce was treated exactly as outlined
in Chapter 3 and 5, and since the feed per rewslytir uncut chip thickness, was kept
quite large the sequential cut module was not rsacgsthis is schematically shown in
Figure 5-2, where the uncut chip thickness is latigen the threshold to initiate the

sequential cut module.

Table 6-111: Remaining Themo-M echanical Properties[105]

Workpiece Material Tool Material

Modulus of elasticity (GPa) 205 612
Poisson’s ratio 0.3 0.22
Specific heat capacity (J/kg K) 470 @°e0

535 @ 20C 33401 +0.12

800 @606C
Thermal conductivity (W/m K) 46 @ 20

40 @ 2568c

34 @ 508C 86

27 @ 7568C

25 @ 828C

6.1.3 Worn Tool Geometry

In order to accurately reflect the cutting condigaluring the cutting experiment
it was important to include not only the accurai#ing edge radius but also the actual
tool wear. Only a short instant in time is simuthie the cutting model, while tool wear
evolves in a timescale several orders of magnitaidger, a representative tool wear
pattern was measured at two separate times fanuee model. The average geometry
across the width of cut was approximated by a snoptting geometry for quantification

and use in cutting models. The angle of the flaeslamland was best approximated by a
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straight line at -19from the horizontal, with the length of this segrimcreasing as tool
wear progressed ¢y. Crater wear was treated as a shortening ofen@cal section of
the rake face (). The work presented in this chapter is separatedwo tool
geometries: one for low flank wear&71.5 um) and another one for comparatively high
flank wear (\\=175.5 um) and limited crater wear. Measurementletutting edge
geometry indicate that for the lower wear case5fth) the cutting edge radius remains
the same, with the flank wear restricting the arngth. For the case of the highly worn
tool, the cutting edge radius evolves into a venglks radius between the rake face and
the wearland, as well as some bowing of the wewt. [@his was simplified by assuming
a flat wear land for the tool. These geometriessamvn in Figure 6-1 along with the
original unworn cutting geometry. These valuesool tvear were chosen to coincide

with the measured values from experiments.

1| Secondary Rake 1| Secondary Rake
! Angle ! Angle

Secondary Rake

a-f--3 e, Angle
3 3 £
o| l—Rake Face = o
m ™M [*3]
o~ ~ -

R=37um R=37um
A4 AN i Ay
! — —
Clearance Face 71.5 um 175.5 pm

Unworn Tool Geometry ~ Low Wear Geometry High Wear Geometry

Figure 6-1: Worn Cutting Edge Geometry

6.2 Predicted Forcesand Residual Stresses
Most cutting models are validated through comparisetween experimental and

predicted cutting force [45, 93, 119]. This is pautarly the case for updatécgrangian
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simulations, which are not able to accurately pettirust forces [103]. Figure 6-2 shows

the predicted cutting forces for the the varioudifsn conditions..

I Simulated Cutting Force
Experimental Cutting Force

N

o

o
1

200

Cutting Force (N/mm)

1 2 3 4 5 6 7 8 9 10

Figure 6-2: Comparison of Cutting Forces

Even though the case of p=0.5 somewhat over peethietcutting force, when
one considers the complexities of the cutting psedewould appear that all of these
friction models acceptably approximate the condgiwvithin the tool-workpiece
interface. As analysis of the influence of frictimodel on thrust forces is shown in
Figure 6-3. There is clearly a large variationhrust force from different friction models.
The main observation here, if we consider onlydiing force, p=0.1 appears to be the
best match to experimental results. However thesttforce for this case is substantially
under estimated, but the cases with u=0.22 andouwith t,,=257 MPa do a good job of

approximating both the cutting and thrust force.
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I Simulated Thrust Force
Experimental Thrust Force

Thrust Force (N/mm)

1 2 3 4 5 6 7 8 9 10

Figure 6-3: Comparison of Thrust Force

Considering the complexities of modelling the fpatbehaviours in orthogonal
cutting, all of the predicted forces are not fanfrexperimental cutting force. Minor
changes in the material model could make any otleesie match the force data quite
precisely. If considering only force data for thedidation of the cutting model any one of
these friction models would apply, as noted innegfee [71]. This changes significantly
when we consider the more subtle measurement iduadsstress profile beneath the
machined surface. The predicted residual stredgqwdor these friction models are

shown in Figure 6-4 and Figure 6-6.
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Figure 6-4: Effect of Coefficient of Friction on Residual Stress Profiles

From Figure 6-4, it appears that a coefficientrmition of p= 0.5 results in an

unreasonable residual stress profile in contraatl tother cases which provide acceptable

results. At u= 0.5 there is excessive heat gergeatd consequently temperatures

increase drastically. This leads to a thermally thated residual stress profile. This can

be seen by comparing the decomposed residual girefile for the u= 0.5 and the p=

0.22 case (see Figure 6-5), where the residuasspefile is decomposed into a

mechanically induced component and a thermallyéedicomponent. By dividing the

sum of the magnitude of both the mechanical andrthlecontribution by the magnitude

of the thermal contribution, the percentage contidn of thermal effects to the residual

stress profile is estimated.
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Figure 6-5: Thermal Contributionstowards Total Residual Stress Profile

The change from a balanced RS profile at u=0.22tkeermally dominated one at

Kn=0.5 is apparent in their work. Anurag and Gud [#und the thermal contribution

towards the total residual stress profile to baiado20% which is in much better

agreement with the lower friction cases. The effeftthis overestimated friction

condition can be mitigated through the use of ashmit in the friction model as shown

in Figure 6-6.
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Figure 6-6: Effect of Shear Limit on Residual Stress Profiles

With more reasonable estimates of the coefficiémtiction and shear limit, the

changes in residual stress profile become mordeslMbst notable is that at lower
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friction or shear limits the compressive residusss component in the profile is
increased without significant changes in the patiein depth. This result is not in
agreement with the results reported by Anurag and [32]. The difference can be
explained by looking at the thermal contributiow#ods the residual stress profile,
Anurag and Guo [72] reported about 20% thermalrgaution to the final residual stress
profile whilst the configuration in the present waeesults in a higher thermal
contribution as seen in Figure 6-5. This probalolyelates to much smaller uncut chip
thicknesses in Anurag and Guo [72], than those us#ds work, which would lead to a

plowing dominated cutting process.

Further influence of shear limit was investigatgddoking at the tool-chip
interface. In Figure 6-7, the shear stress aloaddhl-chip interface is plotted. Starting at
the end of the cutting edge radius along the fiainthe tool the interface is traversed until

past where the tool and chip separate on the eadeedf the tool.
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Figure 6-7: Shear Stressalong the Tool-Chip Interface

The stagnation region can easily be identifiedHeydhange in the direction of
shear stress; this is where the material flow charigom being pushed under the tool to

flowing along the rake face of the tool. The paufitere the shear stress then fallsand
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remains at zero is where the tool-chip contact emdis a measure of chip curl. In fact
the influence of the COF on this curl is easilyertved, with larger coefficients causing

more gradual curl and smaller coefficients causkaap curl.

It is also interesting to observe that even withafuany frictional shear, stress
rarely exceeds 490 MPa. The most common methodsstonating the shear limit results
in values of frictional shear equal to this, orml&rger, depending on the exact approach.
This is because the shear limit is estimated basdtie material strength under pure
shear. This level of stress is never exceeded A b¢cause elements yield before this
stress can be reached. In fact, the case of us@dbvies near perfect shear along the
surface, as demonstrated by the mismatch in stradifferent directions for a single
element on the newly generated surfdeg=-1.33 £,,=1.27 £1,=-27.11 ). Since there is
always a normal stress as well as a shearing siressting, the effective stress will
always be greater than just the shear stress arglément will yield before the shear

limit is reached.

When estimating friction coefficients from the tran angle inMerchantscutting
diagram, values greater than 0.5 are obtainesd likely that description of a single
coefficient of friction is over simplified and inegracy arises from poor estimation of the
friction condition. When an intentionally large C@used, a shear limit is required in
order to reduce the frictional shear and more ately represent the chip shape. Even
then, traditional estimates of shear strength atesufficient. With the low shear limits
required for large coefficients of friction, thetea tool-chip interface is controlled by the

shear limit with coulombic friction affecting, atast, a couple of elements far away from
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the primary, secondary or tertiary deformation zotieis to be noted that when more
accurate estimates of the COF are used these hngitsot required. The use of a single
well-tuned COF substantially reduces the tuninthefFEA model. For example, instead
of tuning the friction to unreasonably large valuesrder to match cutting forces, the
cutting geometry can be adjusted to more accuragslymble the cutting process. This

brings the forces in better agreement without usimgalistic friction parameters.

Most existing literature on metal cutting simulatemploys larger friction values
and thus assumes low or negligible tool wear, an iother words, considers cases of
perfectly sharp tools, or tool with a cutting edgdius free of any wear. However during
the early stages of cutting, tool wear is very dayitil it stabilizes to a steady tool wear
region and then accelerates when excessively Wdese changes in tool wear have a
significant effect on cutting forces and temperatdistributions, thus significant changes
within the residual stress profile occur. In fad,the tool wears, a larger tertiary shear
deformation develops, allowing for significantly reanteraction between the tool and
workpiece. This increased interaction leads to eenappreciable influence of friction
coefficient upon the predicted results. The cutang thrust forces for various friction
conditions are shown in Figure 6-8, for the saméragconditions as in Table 6-1 earlier,

except that the tool wear is more significang£¥75.5um, V;=180um).
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Figure 6-8: Cutting Forcesand Thrust Forcesfor High Tool Wear (V,= 175.5 um, V=180 um)

With significant tool wear the sensitivity of thating model to friction condition
changes substantially. The thrust force in all sasaignificantly over predicted; this is a
common problem when simulating thrust forces arattisbuted to over simplification of
the cutting region immediately ahead of the cutgdge. In the case of ALE the
stagnation region can be captured, but fractunetisorrectly modeled and consequently

some inaccuracies result.

With low wear, the cutting force was well predicfed all cases except f=0.5.
However with larger tool wear this no longer hold#h substantial under prediction
occurring au=0.1. The opposite trend is observed for thrustd@s a function of tool
wear where the effect of friction becomes much feggceable at higher tool wear. In fact
as friction is increased the thrust force decreaskih differs with reported literature
[71, 93] . This is, however, simply explained, &is ian effect of the direction in which
the friction force acts along the flank wear. Tisato say the flank wear, which was
measured as described in the experimental segiahan angle of -L0vith the

horizontal shown in Figure 6-1. Since the frictfonce acts tangential to this surface, the
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friction force adds to the cutting force whilst@lsulling the tool into the workpiece and
reducing the thrust force. Thus increasing thefament of friction between a highly

worn tool and the workpiece increases the cuttimgef and decreases the thrust force.

A second factor which acts to reduce the sengjtofithe more heavily worn
model to friction in terms of thrust force is thhé crater wear reduces the tool-chip
contact length from 40@8m to 351um. Since the distance along which the friction éorc
is acting almost parallel to the thrust force isalier for the more highly worn case, the

effect on the thrust force becomes less significant

Despite the somewhat counterintuitive decreaskrirst force sensitivity with
higher tool wear, friction is expected to havegngicant effect on predicted residual
stress profiles. This is largely due to the siguaifitly increased temperatures experienced
with high flank wear, causing thermal stressesaimidate the residual stress profile.
Figure 6-9 shows the predicted residual stresslesads compared to the experimental

one for a significantly worn tool (#¢175.5um, V;=180um).
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Figure 6-9: Residual Stress Profilesfor Increasing Friction without a Shear Limit.

For the low tool wear case, the measured and geetiesidual stress profile was
of the typical sickle shape associated with cuttiigwever, for the high wear case the
entire measured profile was tensile. This indicasExpected, thermally induced
residual stresses dominate the profile, and coresdlyuthese profiles are more sensitive
to the effects of the coefficient of friction. Bhtan be observed by looking at the
difference in the contributions of mechanical apaged to thermal effects on the total
residual stress profile. This is shown in Figurg®where the contribution for the case of

pn=0.22 is given for both the high and low tool wear
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Figure 6-10: Mechanical and Thermal Contributionstowards Total Residual Stress Profile (u=0.22)

As the coefficient of friction is increased froni@ll the way to 0.5, the
temperatures increase drastically. The surfaceeeature of the workpiece as it leaves
the tertiary deformation zone rises from 233vith a coefficient of friction of 0.1 to
1006°C with a coefficient of friction of 0.5. These ieased temperature gradients are
evident in the increasingly tensile residual stasdiles achieved as a result of

increasing the coefficient of friction.

As friction is increased a fluctuation in the regtistress profile is induced near
the surface, this is where the dominating thermaliijyced stress are affected by the
unreasonably large strains induced by stickingalbie tool flank. The entire surface
element shears instead of simply slipping alongstivéace, so high strains are
experienced. The equivalent strain along the sarfmes from 3.2 foqu=0.1 to 4.0 for
pn=0.22 and up to almost 35 fpe=0.5. This clearly unrealistic increase in straads to
such strong gradients, that the existing mesh danesolve the problem, this results in a

discontinuity in the predicted residual stress ipgof

90



Ph.D. Thesis

McMaster University
Y. Ziada

Department of Mechanical Engineering

This unreasonable strain near the surface candresskd by introducing a shear
limit, and as in the low wear case, two separagaishmits are utilized: one at 490 MPa
which is the initial yield point for this materiahder pure shear, and one at 257 MPa
which is a more reasonable empiricaly derived shest. The residual stress profiles in

response to these shear limits is shown belowgaorgi6-11.
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Figure 6-11: Effect of Shear Limit with Significant Tool Wear

As with the low tool wear case, the higher sheaaitltaken from the literature
based on the shear strength of the material ha$fect whatsoever, as the maximum

shear at the tool-workpiece interface never goese@d90MPa.

The shear limit has any influence in the casg=df.1 as this under predicted
coefficient of friction fails to raise the shearests near the limit. Even the casqe0.22,
which represents the measured coefficient of bitfor this material pair, shows only
limited effect of the shear limit. This suggestattti reliable experimental data is
available for the coefficient of friction then aestn limit will only have limited effect and
need not be used. This is for the already discusssesbn that the material model within
the FEA code is already equipped to handle thenahtgelding as a result of combined

loading when sticking occurs.
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However, as is evident from the caseue0.5, if the coefficient of friction is
significantly increased, the shear limit has argjroorrecting influence. In this case the
estimate of shear relative to normal stress is @xaged, and the combined loading
predicted by FEA is no longer accurate, thus theebaf yielding is not accurately
captured. This becomes the same as a constantcatseaat the magnitude of the shear
limit. Thus, if there is some uncertainty with redj#o the choice of coefficient of friction,
a reasonable approach would be to choose a sligiggher coefficient of friction with a

good empirically determined shear limit.

6.3 Summary

In general it seems that the choice of friction eladatters less than the
importance of choosing the correct values for taemeters of the friction model. In
Table 6-1 each of the tested models is characetizsed on the observation of the
interfacial shear into the different types of madéh the present work, a coulomb friction
model (u=0.22), constant sheay£257MPa), columbic in sliding and constant in
sticking (u=0.22 and,=257MPa) as well as a pressure dependant funqgiiofia(,))

(Types | through Type IV) were used to accurategdprt both cutting forces as well as
residual stress profiles. All these models can wibkccurate friction measurements are

performed for the parameters required by these lmode

It is worth noting that neither cutting nor thréistce are good at predicting which
friction coefficient will most accurately prediasidual stresses. Just because a cutting

model can accurately predict the cutting and thiarsie, does not mean that it is able to
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predict residual stresses with any accuracy. Tuthiegriction model in order to match
force predictions to experimental measurement9isoa practice. Rather, the evolving
cutting edge geometry needs to be accurately repred in order to improve force
predictions. Friction should be based on realstBasured results from tribometric

experiments.

Using simple cutting mechanics to estimate frictmgles and thus finding a
coefficient of friction for an FEA model resultswery high estimates of the coefficient
of friction (u>0.5), which necessitates an accuséitear limit. Unfortunately simple
mechanics estimate of the shear limit based oridté strength of the material in pure
shear yields large valueg,£490MPa). Thus using simple mechanics to avoid
experimentally obtaining the friction behaviour #otool-workpiece pairing is not

reasonable.

The exact tool geometry including any tool weasfithe utmost importance in
accurately predicting the cutting forces as wellessdual stress profile. Unfortunately at
present, the only accurate way of obtaining thérayiedge radius as well as the shape
and size of any wear is purely experimental withikalmeing pursued towards predicting
the tool wear. A limitation of the present modethat the tool geometry must be known a
priori. As long as it is necessary to perform afoutsome measurements, the model is
not fully predictive. Unlike earlier models it i®gsible to use friction data from
tribometric experiments rather than having to penftaborious split tool experiments to
measure normal and frictional stresses along ttiengiedge as in the case of [70]. Once

reliable tool wear predictions can be made, it gl possible to determine all the process
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and material parameters for a given material pgwithout any cutting experiments, at

which point models will be wholly predictive.

Finally, for the cases presented in this work, dedpeing able to make all the
available types of friction models accurately peetle cutting forces and residual stress
profiles, the recommendation is to use a simplarobic coefficient of friction as it is the
most simple of the models available and thus reguminimum experimental work to

obtain its parameters.
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Chapter 7.
Phase Transfor mationsin Residual Stress
Prediction

There is no doubt that a significant source oftheal stresses in many machined
parts arise from phase transformation induced &ffécs such this chapter concerns itself
with extending the framework of the basic ALE auftimodel to be able to predict the
phase changes that occur near the surface of maalyined parts. This chapter presents
the details of a phase transformation module, haddsults obtained from this module
are compared wih the experimentally obtained resAl$ with the previous two chapters
the parameters of the base ALE cutting model usediacussed first then the new phase

transformation module is discussed. This is folldwg the obtained results.
7.1 Modd Details

7.1.1 Modéling Parameters

The material in this work, AISI 4140, was cut usarguncoated cemented carbide
tool. As earlier, the workpiece was treated aslastie-plastic body, whilst the tool was
treated as purely elastic. The thermo-mechaniagigaties used for this work are given
in Table 7-1 and Table 7-II. The thermal relaxatadrthe workpiece was treated exactly
as outlined in Chapter 3, and since the feed paludon, or uncut chip thickness, was

quite large the sequential cut module was not rsecgs
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Table 7-1: Plastic Propertiesand the Workpiece [120]

A (MPa) | B (MPa) n C €, (1) 0,, (°C) m

598 768 0.2092 0.0137 1 1520 0.807

Table 7-11: Remaining Themo-M echanical Properties

Workpiece Material [120 Tool Material [105]

Modulus of elasticity (GPa) 210 GPa 612

Poisson’s ratio 0.3 0.22

Specific heat capacity (J/kg K) 473 @ 200 334.01 + 0.1P
519 @ 4008C
561 @ 600C

Thermal conductivity (W/m K) 42.6 @ 16G 86
42.3 @ 206C
37.7 @ 406C
33.0 @ 606C

7.1.2 Worn Tool Geometry

In order to accurately reflect the cutting condiBaluring the cutting experiments,
it was important to include not only the precisétiog edge radius but also the actual tool
wear. The average geometry across the width oivestapproximated by a simple
cutting geometry for quantification and use in iegtftmodels. The angle of the flank
wearland was best approximated by a straight liné°drom the horizontal, with the
length of this segment increasing as tool wear i@sged (V). Crater wear was not an

issue with this material pairing.

The work presented in this chapter is separatedtimee tool geometries

corresponding to low flank wear £¥88 um), medium flank wear (¢267 um), and
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comparatively high flank wear (¢332 um). These geometries are shown in Figure 7-1

along with the unworn cutting geometry.
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Unworn Tool Geometry ~ Low Wear Geometry

Figure 7-1: Cutting Edge Geometry

7.2 Friction at the Tool-Chip Interface
Previous work on the effect of friction on the faton of residual stresses steered
the choice of friction models for this materialqrag to a simple columbic coefficient of
friction with a shear limit to help limit the ex@@ge strain induced by sticking of the

nodes along the tool-chip interface. The fricti@mgmeters used in this work were

1=0.22 andy2=205 MPa.

7.3 Phase Transformation Module
Due to the short time scales involved with the imga&nd cooling during the
cutting process, austenitic and diffusion reactiareslimited [121, 122] . The base
material transforms into austenite without reachimgequilibrium weight fraction of

austenite. The volume fraction of austenite formdedng the cutting process for a given
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element thus needs to be determined. Miokovic [J2&$ents a comprehensive

methodology for predicting austenite and marterfsitmation within AIS1 4140.

The methodology entails applyir@heil’sadditivity rule to empirically determined
constant heating curves in the formAaframifunctions. In this context th&vrami

function for continuous heating or cooling is exgs®d by Equation (7-1:

fa=1—exp[=(bt)"] (7-1)

wheret is time and n is an experimentally determinedpeater. The parameter b is

defined by Equation (7-2):

b(T) = C exp [— %] (7-2)

WhereAH is the activation enthalpy for the ferrite to aunste transformation, C
is a velocity constant, k the Boltzmann constarwt arthe temperature in K. If the
parameters b and n are known for a material the Avhamifunction can fully describe
the isothermal formation of austeni&heil’sadditivity principle enables an arbitrary
temperature history to be discretized into a sexfeshort isothermal time steps, during
which the formation of austenite is governed byehwirically determinedvrami
function. Thus the volume fraction of austeniteeafime t.; can be calculated by

applying Equation (7-3):

0fa,i

faiv1 = fai T Ofa=fait+ 9t At (7-3)

ti

98



Ph.D. Thesis McMaster University
Y. Ziada Department of Mechanical Engineering

Where%| . Is defined by Equation (7-4)
t

n—1

Ol (1) (ﬁ) " (- fu) o

Jt

ti

As the workpiece begins to cool the austenite belyjin to transform to either
bainite or martensite. In order to determine wto€tkhe two will form, the integral in

Equation (7-5) needs to be evaluated [123]:

d dt
j >1 (7-5)
0

where dt is the timestep andT) is the incubation time required, at temperature
T, for bainite to form, and t is the cooling timkthis integral exceeds 1 before the
temperature drops below the martensite formatiomperature, bainite will form.
However in this work, the timescales are much snaian those required to satisfy this

integral and as such only martensite is formed.

Transformation of austenite to martensite was adde by the Koistinen-

Marburger relation [55] as shown in Equation (7-6:

fm = mmax(l - exp(—y(Ms - T))) (7-6)
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wherey is a constant usually found to be close to 0.@t hfost steels, including
AISI 4140, M is the temperature when the martensite transfaomaegins. T is the
temperature of the region of the workpiece wheeeptase transformation occurs, and
taXthe maximum amount of martensite that can be fornmetthis case the total amount

of austenite.

These phase transformations are coupled with thesstield by introducing an
additional strain component to the total strainug'the volumetric change associated
with the various phase changes can be incorponatedhe relaxation model, where the

strain increment due to this volume dilation iswhdy Equation (7-7) [124, 125] :

1AV
ASAV = §7Af (7'7)

The percentage change in volume due to phase ¢ramstion AV /V) for each of
the transformations is given with the material gndies in [15], and\fis the change in
volume fraction of the phase during the time inceam The volumetric dilation used in
this simulation was a combination of that yieldeshi the annealed AISI 4140 to
austenite as well as that from austenite to mattenss long as this strain combined with
the thermal relaxation is elastic, the transfororegican be coupled to the stress field

using the isotropi¢iook’slaw with temperature dependafung’smodulus.

This model calibrated with the parameters deterthimeMiokovic et al. [121]
has been implemented in MATLAB which draws uponttraperature history developed
within the thermal relaxation module. Schematictiig process is illustrated in Figure

7-2.
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Figure 7-2: Flow Chart of Phase Transfor mation Prediction Module

The experimental test matrix used for this worgiien below:
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Table 7-111: Effect of Phase Transformations Test Matrix (AlSI 4140 Cut Using an Uncoated WC
Tool)

Test #| Feed Speed Rib WidthRib Depth| Cutting Time| Tool Wear
1 200 pm/rev 300 m/min| 3 mm 25 mm 3 Sec 88 um
2 200 pm/rev 300 m/min| 3 mm 25 mm 9 Sec 267 pm
3 200 pm/rev 300 m/min| 3 mm 25 mm 12 Sec 332 um
4 200 pm/rev 150 m/min| 3 mm 25 mm 3 Sec 76 um

7.4 Predicting White Layer Depth

In order to perform a basic assessment of thenguttiodel, cutting and thrust
forces were measured during cutting experiments.CLitting process was stopped after
varying distances cut and the tool wear was medsarel cutting models were run for
these tool wear profiles. From this model cutting ¢éhrust forces were extracted, and
then compared to the measured ones with a sireyhelatd deviation given as the error

bars (see Figure 7-3).
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Figure 7-3: Cutting and Thrust Forces
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As would be expected both the cutting and thrustef® increase with tool wearr,
however the thrust force is much more significaaffgcted, as this triples over the
measured region. The importance of accurately sepiteng the worn cutting geometry is
apparent in the sensitivity of the thrust forcedol wear. Further the cutting force is
quite accurately captured, with some over prediciipparent in the thrust force. In terms
of a quick analysis of the cutting model it cancbhecluded that the forces are well

predicted and the cutting model can be used foptldiction of white layer.

The stress and temperature history from the modslautput for a narrow
segment of the newly formed surface, and introductdthe thermal relaxation and
phase transformation modules to obtain the volua&ibn of martensite. For the three

worn tool geometries shown in Figure 7-1, the vaunaction of martensite is shown in

Figure 7-4.
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Depth (um)
Figure 7-4: Volume Fraction Martensite Predicted as a Function of Tool Wear.

The three different wear sizes correspond to theetpossibilities in terms of
white layer, the lowest wear case of 88 results in insufficient temperatures for any

austenization to occur thus no martensite is ptediand no white layer is formed. The
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increased temperatures associated with 26 0f wear allow for partial austenization of
the workpiece near the surface. Since the tempesaand time scales are small enough,
the predicted volume fraction of martensite is gsinall, so still no white layer is
formed. Finally temperatures increase again asvda increases to 332n allowing for
substantially more austenization. In fact a thyefeof 3um at the surface fully
austenizes resulting in almost pure martensite theaworkpiece surface with volume
fraction of martensite dropping very rapidly atre@sed depths. By beneath the

surface the fraction of martensite drops down to.ze

The experimentally obtained workpiece was sectiasedescribed in Chapter 4,
mounted, polished and etched. Under an opticalasompe the white layer thickness, if
any, was measured. Two sample micrographs are shelew in Figure 7-5 with the
sample cut at moderate tool wear (267 flank wear) shown on the left and the one cut

with high wear (332um flank wear) on the right.

Figure 7-5: Micrographs Cut with 267 pm Flank Wear on Left and at 332 pm Flank Wear on the
Right.

As expected the samples cut withu8and 26 4um of wear showed no evidence

of a white layer, which is in agreement with theslation. At 332um of flank wear
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there was an average white layer thickness ofifh@vith a standard deviation of 0.78
um. The maximum measured thickness wasii&nd the minimum was 3;8n. The
average white layer thickness is shown in Figu6eas the gray shaded region with the

predicted martensite content superimposed.
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Figure 7-6: Volume Fraction M artensite Predicted asa Function of Tool Wear, Average Whitelayer
Thicknessfor v,= 332 isIndicated asthe Shaded Region.

It is clear that the predicted white layer thicksiesin good agreement with the
measured thickness, which falls between the fultenized layer and the untransformed
layer. Since the model is capable of accurateldipteg the white layer thickness, the
next challenge is to see the influence of coupliregvolumetric changes during phase

transformations to the residual stress profile.

7.5 Modéling of Residual Stresses
In order to assess the efficacy of the residuakstmodule, experimental
measurements of the residual stress depth proéfe warried out. The measured residual
stress profiles for each of these geometries isrgim Figure 7-7 with one standard

deviation shown as error bars.
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Figure 7-7: Experimentally M easured Residual Stress Profiles

The trend given by this experimentally measuredilprs somewhat unexpected,
given that increasing tool wear leads to incredgitensile residual stresses [15]. The
general shape of the residual stress profiles i®nmoagreement with those measured by
Salvatore et al. [54]. However penetration deptlesisured in this work were
significantly smaller. Given that the heat treatin&fithe workpiece was not mentioned,
it is possible that it was hardened, which wouldoamt for the difference in measured

profiles.

Since the martensitic phase transformation tendsdiace compressive residual
stresses, it is tempting to assign this increagingmpressive residual stress profile to
increasing volume fractions of martensite. Howevem the previous section it is known
that the phase transformations do not penetrawE0um. Thus, this trend must be
attributed to other processes. This increasingigite trend is most likely due to strain
hardening increasing the mechanical work, as seémgure 7-3 and leading to increased
mechanical contributions to the final residual sdrprofile, despite increasing

temperatures. This exact same trend can be obskrtieel simulated results in Figure 7-8
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where flank wear increases from left to right fr88um to 267um and 332um

respectively.
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Figure 7-8: Experimental and Simulated Residual Stress Profilesfor v, =88 um, 267 um and 332um
Respectively from Left to Right.

From this we see that the model is indeed ablepbtuce the residual stress profile
to a high degree of accuracy. This is true in sageere there is a very limited amount of
phase transformation, as well as when there idiagatle white layer on the finished
workpiece. Further by looking at the residual gtneofile predicted without the phase
transformation module as well as that using phasetormations, one can get an idea of
the influence of the phase transformations on théle. In Figure 7-9, the two profiles

are shown along with the inferred effect of thexsfarmation.
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Figure 7-9: Effect of Phase Transformation Module

These results indicate that there is only a sni@hge in profile gained by
incorporating the phase transformations. Howeves,worth noting that the surface
tensile stress is reduced almost by a third anan@amum tensile residual stress is
reduced by almost half from phase transformatiSnsce there is a direct link between
the maximum tensile stress and surface residuedstand final part fatigue life [81] this
represents a significant change in predicted paatity. However, this might be moot
since the integrity of the white layer is typicatigor and the pre-existing micro cracks

reduce part life [80].

It is to be noted that despite the significanttsbiithe surface residual stress
profile, phase transformations are not sufficienéxplain the increasingly compressive
stress profiles achieved with increasingly worngo80 as suggested above it is
necessary to look at the mechanical and thermatibations towards the final residual
stress profiles. In Figure 7-10 these contributiaresshown for each of the geometries,

where the thermal contribution is the effect ofrthal relaxation on the residual stress
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profile, the phase transformation contributionhiattdue to volume dilation during phase

change, the balance is due to mechanical processes.
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Figure 7-10: Component Contribution towards Total Residual Stress Profile, for v, =88 pum, 267 pum
and 332um respectively from left toright.

These plots show clearly that in the area wherénitreasingly compressive trend
is strongest (<7hm depth), despite increasing temperatures with vikarthermal
contribution reduces dramatically with increaseal teear. For 8§um flank wear the
majority of the residual stress profile is conttdui by thermal processes. However, as
tool wear rises, increasing loads offset the mowgntémperature resulting in much lower
thermal contributions. These results differ frora tork of Xie et al. [15] who found
purely tensile residual stresses despite cuttir®4l40 at significantly slower speeds.
The difference is most likely due to their use efywvsmall uncut chip thicknesses (<1/10
of the values in this work). It is likely that cuy was performed at very near the
minimum uncut chip thickness, in which case rubllegomes severe and excessive

cutting temperatures are to be expected, espewvityworn tools.

Despite the strong agreement between the expemthenteasured residual stress

profiles and those predicted using this approddh,important to note that there are some
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limitations of this model in regards to predictiwbite layer formation. This model is
only able to predict thermally induced phase tramsations, but white layer can be
formed through severe plastic deformations (SPDYyealk[52]. In general this occurs for
high part hardness and fast cutting speed, asrdhasl for AISI 52100 bearing steel in
Figure 7-11. This is for a different workpiece miak yet the trend should be similar for

AIS14140.
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Figure 7-11: Nature of White Layer Formed at Various Speeds and Wor kpiece M etallurgical States.
(Adapted from [52]).

This all means that the current model will only wéor relatively soft materials
(HRC<50) or low cutting speeds. There is howevenrther limitation of ALE cutting
model as it is not able to predict the adiabat&asimg which occurs when segmented and
saw-tooth chips are formed. These types of chipsharacteristic of the high speed high
hardness cutting conditions where SPD become signif so before the model can
really be expanded to consider these changes)édessary to expand the model to

include discontinuous or at least saw-tooth chips.
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Chapter 8:
Conclusions

This chapter begins with a summary of the main kmens drawn through the work
presented within this thesis. Subsequently the stexts of this research are discussed

with recommendations for future work.

8.1 Summary of Results

As with the rest of this thesis, the results casdggarated into three distinct sections,
small uncut chip thickness, frictional effects goidhse transformations. The main

conclusions for each section are summarized below.

8.1.1 Small Uncut Chip Thickness (Sequential Cut)

Since the time scale of the thermal relaxationraftetal cutting is significantly
longer than the time scale of the actual cuttingetisignificant time savings were
achieved by developing a relaxation module to réh@xstress field outside of the main
ALE model. To this effect a simple elastic relagatsubroutine with a sequential cut

module was written in MATLAB.

When simulating small feed rates without the setjakcut module, substantial
differences were observed between the experimgmdhthined residual stress profiles
and those predicted by FEA. In many instances tb@eincompletely missed the

compressive portion of the residual stress profil@wever using sequential cuts, a drastic
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improvement in the prediction of residual stressfifgs was achieved; in fact the
experimental and profiles simulated using the setialecut module were nearly

identical.

As feed rates were increased, the benefits of seiglieuts became less noticeable,
as a single pass simulation actually manages ttigire residual stress profile with
good accuracy. In fact for feed rates in exceskO8iim/rev the limited improvement

does not merit the increased simulation time regufor the sequential cut module.

Further it was determined that if the remainingsdrstate in the finished surface is
not the main goal of the simulation, then even wsitrall uncut chip thicknesses the
benefits of the sequential cut module are limifHuat is because the chip morphology

and tool-workpiece interface are not significardifferent between passes.

8.1.2 Frictional Effects

A significant study on the effect of friction oretihesidual stress profile formed
during dry orthogonal cutting was presented fohbdgghtly worn as well as highly worn
tools. It was shown that lightly worn tools areyniinimally affected by the choice of
friction model, whilst more significantly worn taohre affected to a larger degree by the
friction model. Tool wear is normally neglected wiremulating residual stress profiles,
which might account for the disagreement withia literature on the significance of the

friction model.

It was further shown that good results can be abthusing a number of different
friction models, independent of the amount of twehr. In general a realistic
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determination of the parameters for a friction middeoutweighs the choice of model,
thus the most simple one should be used wherelpesbk general this means that shear
limit () is not needed for a well characterized coefficedrfriction (u). However if a
shear limit is used, it is important to note thed timit is not the same as the shear limit of
the workpiece material under pure shear, or the fitvess of the workpiece material. The

shear limit should be carefully determined throtrifftometric experiments.

Analytical solutions typically used to estimate toefficient of friction for metal
cutting yield unrealistically large coefficients foiction. Accurate prediction of cutting
forces with such large values of coefficient o€tilon does not mean that the residual
stress profile, temperatures or even chip thickaessccurately predicted. In fact, the
common practice of calibrating a friction modelngscutting forces seems to have little
merit, as there is little correlation between theusacy of the force prediction and the
accuracy of the predicted residual stress profAdsetter approach is to use a simple
friction model, and to modify the cutting geometioymore accurately represent the actual

cutting conditions to calibrate the cutting forces.

8.1.3 PhaseChange

In this work an FE model was developed for studyooth the onset of white layer as
well as residual stresses during cutting. This ma@e calibrated and validated for AISI
4140 using a number of differently worn tool geomnest The strong agreement between
the predicted residual stress profiles and expeariai@nes, in addition to accurate white
layer depth predictions, indicate that the modelicaeed be used to study the

relationship between various cutting parametersthadinished sub surface quality.
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Further the developed models were used to showhbahcreasingly compressive
residual stress profiles measured during this weeke due to increased mechanical
loading, despite increasing temperatures withwaer. It was shown that by including
phase transformations into the residual stressgirea, the surface residual stress is
strongly affected and agrees better with measurgfilgs. Some limitations to this model
were also discussed which point to future workietigping a reliable ALE cutting model
that can handle segmented and saw tooth chipstdatierharder materials where phase

transformations become even more significant.

8.2 FutureWork

Throughout this work a consistent limitation faseals the present inability of the
ALE cutting model to predict segmented chips. Matthe field where residual stresses
are of particular interest is in hard aerospacesnas which typically cut in a segmented
manner. A modification to the ALE model to inclualelamage criterion near the chips
free surface, which would allow segmented chiplseanodeled, would be of great
interest to the field, and would, in principle, de@® the development of a new meshing

scheme.

A further development which would significantly atidthe versatility of the ALE
cutting model would be the incorporation of micrasture into the model. This could be
achieved through a user material model which wailtzlv the entire workpiece to be

modeled as one material having spatially distridyteperties. This would overcome the
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inherent difficulties of the ALE model in regardasdifferent materials and would add

significantly to the state of the art.

Currently the ALE cutting model is not fully pretliee since tool wear
measurements are needed to accurately represesuritigions at the tool-workpiece
interface. A continuously evolving tool profile le@son wear rate predictions would
obviate the necessity for tool wear measuremerdsaaruld significantly advance the

predictive abilities of the cutting models.

Lastly, at present the ALE model struggles to tateantage of multiple processors
because ABAQUS has problems dividing an ALE redgetween multiple processors.
Using clever partitioning it might be possible ttma for a better segmentation scheme.
Significant computational advantage would be realias computers continue to have

more parallel processors.
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Appendix 1. Annealed Residual Stress
Depth Profile

The measured residual stress depth profile foAtls¢ 1045 samples is give below:
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Figure A-1: Anealed AlSI 1045 Sample Residual Stress Depth Profile
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