Clemson University

TigerPrints

All Dissertations Dissertations

Updated Force Model for Milling Nickel-based
Superalloys

Andrew Henderson

Clemson University, ajh@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all _dissertations

b Part of the Operations Research, Systems Engineering and Industrial Engineering Commons

Recommended Citation

Henderson, Andrew, "Updated Force Model for Milling Nickel-based Superalloys" (2012). All Dissertations. 1037.
https://tigerprints.clemson.edu/all_dissertations/1037

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by

an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.


https://tigerprints.clemson.edu?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/305?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
https://tigerprints.clemson.edu/all_dissertations/1037?utm_source=tigerprints.clemson.edu%2Fall_dissertations%2F1037&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:kokeefe@clemson.edu

UPDATED FORCE MODEL FOR MILLING NICKEL-BASED SUPERA.OYS

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Automotive Engineering

by
Andrew James Henderson
December 2012

Accepted by:
Dr. Thomas Kurfess, Committee Co-Chair
Dr. Laine Mears, Committee Co-Chair
Dr. Mohammad Omar
Dr. Robert Prucka



ABSTRACT

Nickel-based superalloys are commonly used in eatdins which require high strength
and resistance to creep and oxidation in extrenmalitons. All nickel-based superalloys are
considered difficult to machine; however, cast gaprime-strengthened nickel-based
superalloys are more difficult to machine than cammmickel-based superalloys. Machining
comprises a significant portion of manufacturinggasses and with advancements in technology
and material properties, the methods and modetsmsst be adapted in order to keep pace.

In this research, correlations are made, using dmahtal principles, between
measurements made with on-machine touch probesttendutting tool’'s wear state, those
correlations are used in an adaptive algorithm dtinmate the size of the tool wear, and the
estimates are used in an updated mechanistic gutince model to predict the progression of
cutting forces in gamma-prime-strengthened Niclesda superalloys.

This work impacts machining operations on advaneed common materials by
developing a tool wear estimation method with rigadavailable equipment and a
computationally tractable force model. It influeac&nowledge in the field through the
fundamental relationships, robust adaptive approaet modifications to the mechanistic force
model.

This research shows that on-machine touch probeslae to measure changes in the
geometry of a cutting tool as it wears; howeverasueement uncertainty results in gt of
variation in the wear estimation. The wear estioratvas improved through the use of a Kalman
filter. The average error from 24 estimations wasy8 Addressing the geometric changes in the
tool due to wear, the mechanistic cutting force et@s$timated the progression of cutting forces

with 30% more accuracy than without addressingdbéchanges.
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CHAPTER ONE
INTRODUCTION
Nickel-based superalloys are specially designedafmplications where high strength,
creep resistance, and oxidation resistance areatriat high temperatures. Many of their
applications are in the hot gas sections of turlehinery (e.g., jet engines, gas turbines, and
turbochargers for internal combustion engines).hVgiteater demands on the performance and
efficiency of these types of machines, the firiegnperatures are reaching higher levels and
nickel-based superalloys are being utilized morahbse of their excellent mechanical qualities at
extreme temperatures. However, the propertiesrizde them attractive for these applications
present difficult challenges for the manufacturartipularly machining, of the components that
are made from these materials. Considering thesmerenvironments that these components
operate in, part quality, in particular surface lgyais paramount. The damage and stresses
imparted on the surfaces of these components duneagufacture needs to be well understood

and controlled in order to ensure that prematurepmment and machine failures do not occur.

Problem Statement

Very little research has been conducted on maadhiniokel-based superalloys and even
less has been conducted in regards to milling €esttengthened nickel-based superalloys [1].
To illustrate the difference in machining these emats, a graph of relative machinability
rankings for two different categories of nickel-edssuperalloys is shown in relation to stainless
steel 304 in Figure 1.1. Lower relative machindgib#i indicate that the measured values of
power, force, and tool wear were all greater thaat tneasured for the stainless steel. Thus, a

lower machinability indicates that a material isrendlifficult to machine. More details on the



data gathered and calculations made in

presented in the Background chapter.
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Figure 1.1: Machinability rankings for two classdsickel-based superalloys relative to 304

stainless [2].

Tool wear is a stochastic process and significardre can result from a purely model

based estimation. This is true when machining aatenal but when machining very difficult to

machine alloys, such asstrengthened nickel-based superalloys, the etsec®me exacerbated.

The time scale for determining the tool's wearestatd reacting are much shorter for these lower

machinability alloys. Incorporating a method of m@dng the tool wear would capture

unexpected shifts, or errors, in the wear stateioda methods exist for measuring tool wear and

will be discussed in the Background chapter. Compgim tool wear model with a measurement

method in an adaptive approach (i.e., Kalman jilpovides a robust and accurate method for

determining wear at any point in the tool’s life.

Typically, when modeling forces, tool wear is eitlassumed to be negligible or quasi-

constant. It is shown throughout this work thasthassumptions are valid for common materials,



such as steel or aluminum but does not apply to¢adrengthened nickel-based superalloys.
Therefore, it is necessary to incorporate tool w&gpically when tool wear is incorporated into
a force model, it is done with an empirical relatbip and parameters that do not necessarily
have physical meaning. However, an alternative npdeposed in the Force Model chapter

includes geometric parameters of tool wear thatipoated as the tool is used.

Research Objective

Subsurface damage is critical to the qualityy'edtrengthened Nickel-based superalloy
components due to the extreme environments thaetbhemponents operate in. Cutting forces
and temperatures are crucial for predicting the wrh@f subsurface damage imparted on a
workpiece after machining. Cutting forces also jlevinsight into power usage, tool condition,
and the mechanisms of material removal. Also, coroi@emeasurement equipment is readily
available and able to be implemented into the djmeravithout disturbing the natural cutting
process. Therefore, cutting forces were the prinfacus of this work. Current cutting force
models do not consider the extreme tool wear tbatis when millingy’-strengthened Nickel-
based superalloys. The objective of this researab 8 develop a robust and accurate wear
estimation method in conjunction with an updatedimg force model which can be applied to
y'-strengthened nickel-based superalloys and deeeldépr process control, in the future.

The research objective was broken into several omets. The first was to investigate a
viable on-machine wear estimation technique arateehe wear to the physical changes of the
tool. This technique integrates commonly availaivlachine capabilities with accepted wear
modeling practices in an adaptive approach. Nextpgticable force model was determined. This
model is based on physical principles rather thanotly on empirical relationships in order to

provide a more fundamental understanding of théinguimechanics in milling. However, this



model is not entirely analytical due to the larganiber of variables (e.g., material properties,
cutting tool geometry, cutting tool materials, maehtool variations, and cutting fluids) in

milling and their complex interactions. A purelyadytical model would also be computationally
intense and would not be conducive to real-timelémgntation in a control strategy in the
future. Finally, the physical tool change estimatese integrated into the new force model and

the applicability was demonstrated on experimeatedié.



CHAPTER TWO
BACKGROUND
Tool wear and cutting forces have been researcktetdigvely for many years. However,

much of the work has been conducted in regardsirtting, as opposed to milling. Very little
research has been conducted on nickel-based sogsrahd most of this research was conducted
on Inconel 718. Very few articles were found inaets to milling cast’-strengthened nickel-
based superalloys. This research gap is illustraiedhe data in Table 2.1. These data were
collected by performing a series of searches ong&@®8cholar [3]. This example is not intended
to be a definitive representation of the works kadé¢. The statement being made is that as the
search was refined, the number of results sigmifigadecreased. Of the 45 results for the final
search, only two were relevant to milling c@sstrengthened nickel-based superalloys. Both are
machinability reviews published in 1998 and 20035]4 Process models specific to these
materials have not been developed. This chapteepte the concepts discussed in this work and

the research that has been conducted in the fielated to the objectives of this work.

Table 2.1: Google scholar search results.

Search Criteria Number of Results
Machining 941,000
Machining Turning 161,000
Machining Milling 148,000
Machining Nickel-based superalloy 4,800
Machining milling Nickel-based superalloy 1,430
Machining milling cast gamma prime Nickel-basedesafioy 45

Castvy’-strengthened Nickel-based Superalloys

This subsection gives a brief overview of the higtof nickel-based superalloys, the

microstructure aspects that give them their qealjitand the effect of these qualities on tool



performance. The boolguperalloys Il and the nickel-based superalloy machinabilityewsg by
Ezugwu, et. al. (1999 and 2003) are excellent ssufar a more detailed review of the material
presented here [4-6]. Superalloy development hagressed in conjunction with aircraft engine
and gas turbine technology since the early 1900e.€krliest superalloys were primarily iron- or
nickel-based and in the 1930s iron’s usage declgigdg way to nickel and cobalt due to their
favorable FCC structure formation. Nickel-basedesafboys were initially only used in the
wrought condition and were used in turbines asbigk as the 1940s. In the 1950s, vacuum
melting allowed the addition of more hardening edats and the removal of undesirable alloy
impurities which led to the development of highteelsgth materials. These alloys were not able
to be forged as their predecessors were becaugeiofstrength. So, they were cast into rough
shape via investment casting. Since that time, @dtgmcompositions, casting techniques, and
post-casting heat-treatment processes have pageua for more advancement in the properties
of these materials [4,6].

The microstructure of these alloys consists oflay anatrix (y), a strengthening gamma
prime ') phase, carbides, borides, and topologically elgacked (TCP) phases. Carbides
represent a small percentage of the microstrudtecause of a relatively low carbon percentage
and they typically exist along grain boundarieshutnickel-based superalloys. Researchers
believe that the carbides are beneficial for hiyhperature rupture strength and creep resistance.
Precipitation hardening is a primary means of gfiteening nickel-based superalloys ayid
precipitation is the primary goal. Thé phase is comprised of nickel, aluminum, and titam
and is beneficial because it exhibits high strenptips prevent dislocation movement, and its
strength actually increases as temperature goeShgptemperature behavior of thiephase is

shown in Figure 2.1 [6,7].
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The change in alloy strength over a range of teatpsegs is shown Figure 2.2. Figure 2.2
shows that the material maintains its strength @éroad temperature range and its strength
actually increases at high temperatures. High steaand temperatures are imparted on the
cutting tool while machining these alloys becaus¢he high strength of these materials at the
elevated temperatures of machining and their lavnttal conductivity. These effects exacerbate
the breakdown of the tool in milling because thel tondergoes thermal and mechanical shock
due to the interrupted nature of the milling praces addition, the carbides in the alloys actras a
abrasive. Each of these factors is detrimental touting tool and contributes to the low

machinability of cast’-strengthened nickel-based superalloys [4,6].
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temperatures [8]

Many different chemical compositions exist withiast nickel-based superalloys but the
primary elements are nickel, chromium, molybdenafaminum, titanium, and carbon. Cobalt,
tungsten, tantalum, columbium, boron, and zirconiara also used to varying degrees. As
mentioned, earlier superalloys also used a sigmifiamount of iron. Each element has an
important role to play but aluminum is particulasiital to the alloy because it helps form a
protective oxide ang’. Carbon’s role is not as straightforward becaosdain carbides were
found to have unfavorable effects on ductility batcertain alloys reducing carbon led to
reductions in creep life and ductility. Titanium g@mmonly used as a replacement for some

aluminum in the/’ phasel[4,6].



Milling Process

Milling is a traditional method of material remowahich shapes a workpiece in order to
achieve target geometry. It is, and will remairsignificant operation in most manufacturing
operations. When compared to other material remmethods, it is relatively inexpensive and
productive with the potential for high quality outpWith multi-axis machine tools, it also has

the ability to create complex geometry parts.

Process Definition

Milling involves a rotating cutter with multiple ¢ééh engaging a workpiece repeatedly in
order to remove material. A typical milling opeaatiis shown in Figure 2.3. This figure depicts
an indexable-insert milling cutter. In this case tutting edges are formed on removable inserts.
When the cutting edge becomes worn to the point tha cutting performance becomes
unpredictable or part quality suffers, the insartsreplaced. There are many variations of milling
cutters and this is only one example. This figus® alepicts a climb/down milling process. In
climb milling, the uncut chip thicknesk)(is greater in the beginning of the cut than & é&md of
the cut and it is a function of the cutter rotatanmgle @). The alternatives to climb milling are
conventional/up milling or slot milling. In conveomal milling, the uncut chip thickness is
greater at the end of the cut than at the beginmingjot milling, the uncut chip thickness is smal

at the beginning and end. These alternative mifiragzesses are shown in Figure 2.4.
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Figure 2.4: Top view of milling tool in a (a) comt@nal milling and (b) slot milling process.

To define a milling operation, the cutting speed, feed per toothff, axial depth of cut
(b), and radial engagememnte) need to be specified. The cutting speed is thHecitg of the
cutting edge at the radius of the tool. The cuttéational speedN), in revolutions per minute

(rpm), is therefore a function of the cutting sp€eEis is shown in equation (2.1),
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N = —e (2.1)

whered. is the cutting diameter of tool which is shownFigure 2.3. The feed per tooth is the
maximum uncut chip thicknesh)( The radial engagement is typically specifiechgsercentage
which is the ratio of the width of the cut to thiardeter of the tool. This is shown in equation
(2.2),

re:%'loo%. (2.2)

Therefore, the cut in Figure 2.3 has ~60% radiajagement. A full slot is 100% radial
engagement.

When programming a machine tool, typical prograngriimputs are the coordinates of
the tool’'s centerline at its end, cutter rotatiosded, and the feed rate of the tool with resfoect
the workpiecef]. The feed rate is the distance per time at wthehcenterline of the tool moves.
To determine this feed rate, the feed per toothutiplied by the number of teeth)) to give the
feed per revolutionfg,) and then this value is be multiplied by the riotsdl speed to determine
the distance traveled per unit of time. The feedrpeolution relationship is shown in equation
(2.3),

fo,=f.-n, (2.3)
and the feed rate relationship is shown in equgfof),

f=1f_, N. (2.4)
The uncut chip thickness is dependent on the feedgoth and is shown as a function of cutter

rotation angle for toothin equation (2.5),

h(6,)= fsin(6,)a(6), (2.5)
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whereg(4) is a switching function that is one when a tostiengaged in the material and zero
when no tooth is engaged. The switching functicshiswn in equation (2.6),

1, when 6,<60,<0,
. (2.6)

g(gi):{o, when 6, <6, §,<6,
whereé; and €, are the angles when a tooth starts to engagesioutand ends the engagement,
respectively [9]. Since the cutter rotation angledlated to time by the cutter rotational speked, i
can also be written as a function of time as shioweguation (2.7),
6(t)=6Nt, (2.7)
where time is in seconds and 6 is the necessamecsion factor from revolutions per minute to

degrees per second. Using the relationship in equé2.7), the uncut chip thickness is shown as

a function of time in equation (2.8)

h(t)= f,sin( 6Nt) g( ). (2.8)

Process Considerations

Any material removal process has an effect on th&emnal of the final component. In
regards to milling nickel-based superalloys, swfaguality (i.e., subsurface damage) is
paramount due to the extreme environments thatetlwesnponents operate in. Subsurface
damage is critical to part quality because the dgngives the material at the surface different
properties than the bulk material and leads to edfliptable behavior of the finished part [10,11].
An image of typical subsurface damage is shownignre 2.5. The most accurate way to detect
this subsurface damage is through destructiventgsfiter a part has been machined. Since this is
not possible on components which are to be usethiactual application, there needs to be a
means of understanding the mechanisms which cotgribo generation of the damage and
control them. Cutting forces and temperature arg &emponents of subsurface damage

generation [12-14].

12
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Figure 2.5: Typical subsurface damage [15].

Cutter run-out is a common occurrence in millingslpresent when one tooth sweeps a
larger diameter or protrudes lower from the bottofinthe tool than the other(s). This results in
one tooth bearing a greater amount of the machilmiad than the other tooth/teeth. Run-out is a
by-product of milling that can be minimized butvisry difficult to eliminate, especially with an
inserted cutter. Figure 2.6 illustrates run-out amtrs due to tool holding system. The set screw
that holds the cutter in position pushes on théecutody and induces differences between the
cutting teeth. Figure 2.7 illustrates the erroi ttan occur due to the installation and locatibn o
inserts in the cutter body. The run-out depicte&igure 2.6 is minimized by using a holder that
will center the tool (e.g., hydraulic, heat-shriok,collet holders). The run-out depicted in Figure
2.7 is minimized through the use of precision m#ess. A pre-setter is an additional piece of
equipment that is separate from the machining cesme is used to inspect the tool before
inserting it into the machine. This equipment aomn-out in the inserts to be detected and

adjusted prior to machining. Some run-out is undabie due to tolerances of the tooling.

13
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Experimental Setup and Data Collection

An empirical tool wear model and a semi-empiriastiog force model are investigated
in this research. Therefore, milling tests havenbe@nducted and data has been collected for the
development and validation of these models andapjmoach. A diagram of the setup for the
cutting tests is shown in Figure 2.8 and real pegiof the equipment and lab setup are shown in
Figure 2.9. A Kistler 9257B three-component piegotic force dynamometer was mounted on
the table of an Okuma, MB46 VAE, three-axis millimgchine. The workpiece was clamped on
the table of the dynamometer, as shown in Fig@@eThe signals from the piezoelectric crystals
were sent to a Kistler 5070A charge amplifier and amplified signal was transmitted to an
analog to digital (A/D) converter PC card (DAS16/ir6a computer running Dynoware software.
The Dynoware software recorded the force data ftben A/D converter. The x-, y-, and z-
components of force were recorded and then expootedtab-delimited text file. The text files
were then imported into Matlab for post-processimuring post-processing the raw data were
analyzed to understand the forces generated byimdnidual tooth passing and the data were

also filtered to determine the average forces.

Dynoware

Cu“ertlj} Software
Post-Processing

U ; ::B
Dyno Signal
,»/\J Amplifier UL L

Figure 2.8 Diagram of experimental setup including exampleast-processed data.
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Figure 2.9: Actual experimental setup of machir@, tdynamometer, and data acquisition

system.

The measurement specifications for the Kistler dymaeter are shown in Table 2.2.
These specifications show that the dynamometespalile of measuring forces with magnitudes
up to 5000 N in the x- and y-direction and 10,000nNthe z-direction. The output of the
piezoelectric crystals in the dynamometer is a@havhich is proportional to a force applied to
the crystals. The linearity specification indicateat the output charge is linear with the input
force within £1% of the full-scale output (FSO) of the device.eThysteresis specification
indicates that difference in charging and dischragguill be within+0.5% of the FSO. The cross
talk specification indicates that when a force ppleed in one direction it will affect the
measurements in other directions#86 or less. The sensitivities indicate the amodiharge,

in picocoulombs, that the piezoelectric crystalb edtput per unit of force, in Newtons, input.
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Table 2.2: Measurement specifications of Kistleés P2 dynamometer [16].

Criteria Units Value
Range E, Fy,) kN -5-45
Range F,) kN -10 - +10
Linearity %FSO <+1
Hysteresis %FSQ <+0.5
Cross talk % <2
Sensitivity €, F,) | pC/N =7.5
Sensitivity §,) pC/N =-3.7

The measurement specifications for the Kistler gaamplifier are shown in Table 2.3.
The range of input that the amplifier is speciffedis + 200 — 200,000 pC. The typical error of
the measurement due to the amplifier is less #a8% and the maximum error is less thdfo.
The measurement drifts at a rate less @05 pC/s. This drift is due to the exponentialajeof
the resistor/capacitor (RC) circuit in the chargephfier. The drift is a factor when measuring
constant loads for a long period of time. The agttiorces in milling are cyclic with a short time

period, therefore, the drift is not a significaattor in these measurements.

Table 2.3: Measurement specifications of the Kidil&/0A amplifier [17].

Criteria Units Value
Input Range pC | +200 — 200,000
Error typ./max. % <+0.3/<t1
Drift pC/s <+0.05
Frequency Range kHz =0 - >45

The data collection frequency when milling is settlsat a significant amount of data
points are measured for each tooth passing. Tlyedrey of tooth passes:f), in Hertz (Hz), is

determined using equation (2.9),

17



o=t o). 29
In order to capture data from each tooth passimgauoid aliasing, the sample rate must be at
least equal to the Nyquist rate. The Nyquist ratewice the highest frequency in the measured
signal. For example, a tool with two teeth rotataigl000 rpm has a tooth passing frequency of
33.3 Hz and the Nyquist rate is 66.6 Hz. Howeves, shape of the force curve for each tooth is
of interest and, therefore, the sample rate iatsleiast 20 times the tooth passing frequency.

The dynamometer measures forces in the x-, y-zagicections E,, Fy, andF,) and it is
arranged in the milling machine such that the x-and z-measurement directions are parallel to
the respective axes of movement. The x- and y-foere shown on a milling cutter in Figure
2.10. If the cutter’s angle of rotation is knowinen forces can also be analyzed in the norfmal,
direction using equation (2.10),

F, =F,sin(0)+F, cogd), (2.10)
and tangential;, directions using equation (2.11),

F, =F,cog0)-F, sir(9). (2.11)

Cutting forces are also analyzed via the resulanimagnitude, of the force. The resultant of the

x- and y-direction forcedcsx,) is shown in equation (2.12),

Fesy=yFx+Fs, (2.12)

and the resultant of the forces in all directidRgs( is shown in equation (2.13),

2 2 2
Feo=yFZ+F2+F2. (2.13)
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Figure 2.10Forces on the tool in the normal (n), tangentiab®, and y-directions.

The data is recorded by the dynamometer with resfpetime. If the feed ratef, is
constant and the tool moves along a straight path single direction then the distance as a

function of time x(t), is calculated as shown in equation (2.14),

x(t)=f-t. (2.14)
If the radial emersionre, and axial depth of cub, are constant, then the volume of material
removed with respect to time is calculated as shioveguation (2.15),

re-d
100%

Vi (t)=b S fet (2.15)

This relationship does not apply as a milling auiteentering or exiting the material because the
radial emersion is not constant during these postiaf the operation.

The raw data (recorded by the dynamometer) is oftamdensed by determining the
mean cutting forces. The mean is obtained in #dgarch by filtering the data in Matlab using a
low order and low cut-off frequency Low-Pass Buiterth filter. The mean and raw x-force data

from an aluminum slot milling test are shown inuig2.11.
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A model of the Okuma MB-46VAE is shown in Figurel2.with arrows indicating
which components move and their direction of movaimé&he figure indicates that x- and z-axis
movements are accomplished by moving the spindhew-axis movements are accomplished
by moving the table. The critical machine spectfmas are shown in Table 2.4. The maximum
spindle power, torque, and speed are not signifiaotors when machining nickel-based
superalloys with carbide tooling because the todl breakdown before machine limits are
reached. However, when machining with tools suclteaamics, these machine limits must be
considered because ceramic tooling is capable chimiag at high speeds and high chip loads.
Thus the cutting forces and therefore torque vellhigh at high speeds, creating the demand for
high power. The spindle taper of this machine i%. 4tis is significant because it dictates the
type of interface between the tool holder and thiedie and thus influences the stiffness and

dynamics of the tool. The positioning accuracy asgkatability are important for ensuring that
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the proper part dimensions are machined and alssetlspecifications are critical when

considering the accuracy and precision of measurenmade with probing.

Figure 2.12:Model of Okuma MB46-VAE indicating axievement directions [18].

Table 2.4: Critical machine specifications for hkeuma MB-46VAE [18].

Criteria Units | Value
Max Spindle Power kW 11
Max Spindle Speed rpm 15,000
Max Spindle Torque Nm 198
Spindle Taper ° 40
Positioning Accuracy mm| +0.003
Positioning Repeatability mm| +0.001

In addition to the machine tool and force sensdosich sensors and an optical
microscope were also used to make tool wear measunts. The two touch sensors were a tool

setting probe and a spindle probe. They were maturied by Renishaw. These types of probes
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are shown in Figure 2.13. The tool setting probe used to measure the length and diameter of a
cutting tool. The spindle probe was used to makasurements on the surface of a workpiece.
Renishaw documentation specified that the repdayafor both probes was fim [19-21]. The
microscope was a Dino-Lite Pro AM413ZTA. It is 8M. pixels handheld digital microscope
with variable magnification from 10x to 50x then00and 220x magnifications. It also has built-

in LEDs and an adjustable polarizer.

] m
<4— Tool

Insert
° Stylus Probe
Stylus
Tool Setting
Touch Probe Workpiece
I
(@) (b)

Figure 2.13: (a) Tool setting touch probe and fiidle touch probe.

The cutter was a 15.875 mm diameter Sandvik Cof@8D two flute tool. The tool’s
part number was RA390-016M19-11L. The tool is shawfrigure 2.14 and the dimensions are
shown in Table 2.5. The inserts were Sandvik Cat@8D and the part number was R390-11 T3
08M-PM 1030. The inserts are shown in Figure 21id the dimensions are shown in Table 2.6.
The inserts were TIAIN PVD coated [22]. The 103@dg is recommended by Sandvik for
milling superalloys due to its resistance of matebkuild-up on the cutting edge and plastic

deformation [23].
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Figure 2.14: Cutting tool shape with dimensiong.[23

Table 2.5: Dimesions of cutting tool [23].

Parameter| Value
D. [mm] 15.875
dm, [mm] 19
I, [mm] 56.8
[,[mm] 82.6
[3[mm] 25.9
a, [mm] 10
e [°] 13.43

Figure 2.15insert shape with dimensions [23].
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Table 2.6: Insert dimensions [23].

Parameter| Value
[, [mm] 11

iW [mm] 6.8
s[mm] 3.59
b [mm] 1.2

r. [mm] 0.8

Machinability

Machinability is a term typically used to descritbe ease or difficulty associated with
machining a material. When machinability is quaetifas a percentage, it represents a relative
machinability or the ease or difficulty of machigione material in regards to another. Six phases
of a nickel-superalloy machining project have beempleted by a research team at Clemson
University’s International Center for Automotive $&arch (CU-ICAR) through funding and
support from General Electric (GE) [18,24-28]. hat research, the machinability of several
nickel-based superalloys has been studied. Théiveelmnachinabilities shown in Figure 2.16

were calculated using equation (2.16),

m

Pref

m
where the subscripef designates a reference materraldesignates the material that is being
analyzed] is the machinability index, arfélis the value of the parameter being investigate.
reference material for the data in Figure 2.1604 8tainless steel. This reference material was
chosen because it is common in many applicatiodsasell understood. It is also more difficult
to machine than carbon steels and will allow fog thecessary granularity in the superalloy

machinability indices [26].
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Figure 2.16:
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Three parameters were chosen for investigating aomdparing materials. They were

spindle power, cutting forces, and tool wear. Eathhese parameters will vary in magnitude

depending on the material being machined. Wherr tmgignitudes increase, the material is

considered more difficult to machine and the petags decreases. These data were collected

during and after cutting tests on each materiathEzutting test was conducted with identical

tooling, cutting parameters, and after a consiséeatimen preparation. The test parameters are

shown in Table 2.7. A 15.875 mm diameter, Sandwi, flute tool was used with TIAIN PVD

coated Coromill 390 inserts (Part number: R390-3D8M-PM 1030).

Table 2.7 Cutting parameters for machinability tests.

Ot

Feed Rate [mm/rev/tooth] 0.04
Cutting Speed [m/min] 50
Depth of Cut [mm] 0.5
Radial Depth of Cut [mm] 9.5
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The tool wear data, used in the machinability iedjcwere flank wear measurements
made on the inserts by a microscope after eachTiest measurement will be discussed in more
detail in the Tool Wear Estimation chapter. Pldtsuiting force and spindle power are shown in
Figure 2.17 and Figure 2.18, respectively, fof-strengthened nickel-based superalloy, Inconel

718, and 304 stainless steel.

350

300l y*-strengthened Nickel-based Superalloy
250 1
= I
£ 200 l
:
2 150 I
L Inconel 718 |
100 :
: I
50 304 Stainless Steel:
I

O L L " L
0 20 40 60 80

Distance [mm]

Figure 2.17: Resultant of the measured cuttingg®mhen milling &’-strengthened nickel-based

superalloy, Inconel 718, and 304 stainless stedg¢umentical cutting conditions.
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Figure 2.18: Measured spindle power when millingstrengthened nickel-based superalloy,

Inconel 718, and 304 stainless steel under iddntigiing conditions.

The milling forces and spindle power for the suppeyamaterial were more than 100%
higher than those for the other materials and tiexer stabilize on a quasi-constant value, as the
others do. Rapid tool wear causes the forces ameempdo increase in a manner which is
consistent with tool wear. This rapid increase xtreane because the forces after 50 mm of
cutting are ~10% higher than at full engagemerheftool in the workpiece. The CU-ICAR team
conducted a two-level, three-factor, full-factoridésign of experiments (DOE) on multiple
nickel-based superalloys. The factors and levedssaiown in Table 2.8. The resultant cutting
forces for the tests conducted with each factaheir respective high and low levels on three
different casty’-strengthened nickel-based superalloys is showRigire 2.19 and Figure 2.20.
These data show that even at the reduced cuttirgmeders, the low levels, forces increase

rapidly due to tool wear and the trend is similar multiple differenty’-strengthened nickel-

based superalloy materials. Since the forces amdepdor they'-strengthened nickel-based
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superalloys do not stabilize, it was necessaryeterchine a standard, representative, force and
power value for the machinability index calculatidihe maximums, during each pass, are the
most appropriate because they occur while the i®dllly engaged in the material and they

capture the wear effect. However, the width of th&t specimens varied between 50 mm and
60 mm. Thus, the force and power data at a standistdnce of 45 mm was chosen as the
comparison point for all materials. The 45 mm gdigéance is indicated by the dashed red line in
Figure 2.17 and Figure 2.18. A substantial amodintadiation is present at 45 mm in the force

and power data for the superalloy. Therefore, alawnof data around 45 mm was averaged and

the averaged values were used in equation (2.1€)l¢alate the machinability indices.

Table 2.8: Factors and levels for the DOE conduotethe nickel-based superalloys.

Factors High Level (+)] Low Level (-
Feed Rate [mm/rev/tooth 0.05 0.025
Cutting Speed [m/min] 50 25
Depth of Cut [mm] 0.5 0.25
Radial Depth of Cut [mm] 9.5
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Figure 2.19: Cutting forces for the ‘high’ parametsts conducted on three cgsstrengthened

nickel-based superalloys.
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Figure 2.20: Cutting forces for the ‘low’ parametests conducted on three cgsstrengthened

nickel-based superalloys.
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Tool Wear

ISO-8688 is the international standard that dessrimethods for conducting tool wear
tests [29]. It also describes many different moofe®ol wear. The types of wear can be grouped
into six major categories as shown in Figure 2Rnk wear is a consistent loss of tool material
from the portion of the tool's edges (flanks) tha¢ engaged in the cutting action. Crater wear is
the formation of a depression (crater) on the rake of the tool and located away from the
cutting edge. Chipping is the breaking away of @geof the cutting edge. Flaking is the loss of
thin pieces of tool material (flakes) from any talrface. Cracking is a fracture in the tool
material (crack) that does not cause immediatekbgsa of the tool. Catastrophic failure is the
immediate breakage of the tool. Another importgpetof wear is notching, or localized flank
wear. It is the loss of tool material along thenRa of the cutting tool in specific locations,
generally at the depth of cut and tool nose. $hiswn in Figure 2.21a at tlag depth and near the

lower corner of the tool [29].
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Figure 2.21: Sketches of (a) flank wear, (b) cratear, (c) chipping, (d) flaking, (e) cracks, and

(f) catastrophic failure [29].

Ezugwu, et. al. (1999) describe the primary wepesyand their wear mechanisms when
machining nickel-based superalloys [4]. Notchingnk wear, chipping, and catastrophic failure
are the primary wear types when milling nickel-lthseiperalloys. Explanations for notching
include a variety of wear mechanisms and factoswvéver, a common explanation relates to
work hardening of the material and the burrs thainfduring previous machining operations on a
surface. Chipping and flaking are commonly refert@@nalogously because they are attributed
to the same wear mechanisms, adhesion and attfi®®h Adhesion is the bonding of the
workpiece material to the tool material and it le&al attrition, which is the extraction of grairfs o
tool material by the flow of the tool relative thet workpiece [4,30]. Catastrophic failure is

related to excessive cutting forces or fatigue tdubermal and/or mechanical cycling [4].
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Of the six categories of wear from the ISO standardcking and crater wear are not
typically observed when milling nickel-based sufleys. The progression of cracking is not
observed because the high forces when machinikgldi@sed superalloys leads any cracking in
the tool to immediate catastrophic failure. Fig@r22 shows the ISO representation for crater
wear on a milling tool with the cross-section of ttutting edge. The cross-section shows that the
lowest point of the crater is within the rake faufethe tool and not near the edge. This is the
determining factor for classifying crater wear ahthe lowest point is on the cutting edge then
the weatr is referred to as chipping.

The diffusion wear mechanism is commonly considdéoetie the cause of crater wear
[4,31,32]. The diffusion wear mechanism is a thezhenical process that occurs when atoms of
the tool material transfer to the workpiece matdfa]. Therefore, crater wear is linked with the
temperature profile in the cutting zone. Cook ()%&i3d Devillez, et. al. (2004), found that crater
wear was more prevalent at high speeds becauseniperatures became higher on the rake face
of the tool away from the cutting edge [31,32]. Cinethe low machinability of nickel-based
superalloys, high cutting speeds with carbide taplieads to immediate tool failure. Other
researchers have found that the maximum cuttingeeatures for nickel alloys occur close to the
cutting edge [4,34]. Other research has shown duinitrater wear in nickel-based superalloys

when machining with coated inserts [35].
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Figure 2.22: Crater wear on tool with cross-section

Flank wear is present during essentially all cgt@amd in the presence of multiple other
wear types. Figure 2.23 shows multiple views otiling edge and indicates flank wear in each
view. Flank wear is considered to be the resulbrd or a combination of adhesion, abrasion,
and/or diffusion. As previously described, the zitve wear mechanism is the formation of
bonds between the cutting tool material and thekpiece material followed by the bonds
breaking and some particles of material being reedofrom the tool. The abrasion wear
mechanism is the ploughing of the tool materiahbyd particles within the workpiece material
(e.g., carbides). The diffusion wear mechanism theamochemical process that occurs when

atoms of the tool material transfer to the workpietaterial [33].
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Flank Wear

Bottom

Figure 2.23: Multiple views of flank wear.

Diffusion and adhesion are both related to the smadoires in the cutting zone while
abrasion is a purely mechanical mechanism. Whelinmihickel-based superalloys, abrasion is
the result of the tool contacting and sliding agathe carbides in the microstructure. Figure 2.24
shows a 2D representation of a tool cutting a wiedg The grey area indicates the zones of the
tool that are in contact with the workpiece and rehabrasion wear occurs. When machining
nickel-based superalloys, the uncut chip thicknesl®w in order to keep cutting forces low.
When milling, the uncut chip thickness fluctuatestlae tooth rotates through the workpiece, as
shown in Figure 2.3 and Figure 2.4. Therefore,ahmunt of contact in the rake face zone is
small, close to the cutting edge, and fluctuatespreviously stated, researchers have found that
the highest temperatures when machining nickelallmccurs near the edge of the cutting tool.
Therefore, it follows that, when milling nickel-s superalloys, wear will typically occur at the
cutting edge. Since abrasion in the flank zonevier-present and the cutting temperatures are

expected to be greatest at the cutting edge, fAsad( is the dominant wear mechanism.
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Rake Face Zone Tool

Flank Zone Workpiece

Figure 2.24: Two-dimensional representation of tdting the workpiece indicating contact

zZones.

Tool Wear Modeling

Tool wear has been studied for over 100 years. Muletarted in early 1900s with
Taylor’s tool life model [36]. This model is repesged by equation (2.17),

C=vT" (2.17)
whereV is the cutting speed, is the time of useful tool life, and andn are empirical constants
that depend on tool and workpiece properties, disaseutting parameters [37]. This is a method
of estimating tool life but does not give insigbtthe progression of wear.

Most analytical tool wear models were developedtfer turning operation [33,38-40].
The turning operation is a less complex machinipgration than milling. Due to the interrupted
nature of milling, the cutting edges of the tootperience force and thermal cycles as they enter
and exit the material every revolution. The chipesis varying and therefore the forces are
varying even while a given tooth is engaged. Cutiarout is common in multi-tooth tools and is
difficult to control. Therefore, it is common fdre individual cutting teeth to experience different
forces due to removing different amounts of matekéhen researchers attempt to model tool

wear for a milling process, they generally adopdeis from turning research and then modify
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them to represent milling behavior. Based on puaviesearch, Teitenberg et al. (1992) assumed
that the forces acting on the rake face of the ¢lmohot change as flank wear increases and that
the forces on the flank face can be representeal tiyrmal and radial (friction) force. Based on

the diagram in Figure 2.25 they determined thatctienge in flank forces can be represented by

equations (2.18) and (2.19),

dF, (0)=K,(6,a)n, dA (2.18)
dF, (0) =K, (8,a) K, (0)T,dA (2.19)

wheredF, anddF, are the change in the normal and friction flanicéo respectivelyfi, is the

unit vector in the normal directiod/ is the change in the area of the flank wear, kndndK ¢
are flank pressure and friction parameters [41ptimer research by Papazafiriou and Elbestawi,
(1989) thermal cycling, due to the intermittentlimg operation, is incorporated into a diffusion

model derived for turning by Koren and Lenz. Thisdal is represented by equation (2.20),

VB'(1) = K,\ [y, l”' o (2.20)

whereVB'(t) is the rate of change in flank wear size wibpect to timey, is the cutting speed,
¢ is the temperature at the interface between tbe @nd the workpiece, andy and A are

constants which depend on the tool and workpiedenma&[38,42].
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Figure 2.25: Flank face forces in Teitenberg weadeh [41].

Tool wear is typically considered to occur in thetgges [35,43-46]:

e rapid initial wear of cutting edge,
e gradual, linear, wear increase, and

¢ rapid breakdown leading to catastrophic tool failur

These three stages are illustrated in Figure 2.26.

Tool Failure—

Rapid
Breakdown

Wear

Rapid Initial Wear

Time

Figure 2.26: Generalization of standard tool weave.
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The gradual wear stage has been shown to behawe predictably than the initial and
final stages and researchers in the past have shaywod correlation between cutting forces and
tool wear [47,48]. A common approach for estimattogl wear is to assume a linear wear

progression as shown in the gradual wear stagegafd-2.26 [43,46,47].

Tool Wear Monitoring

A substantial amount of recent tool wear reseamh focused on using measurement
capabilities on the machining centers in order $brmeate tool wear, rather than modeling it
directly. Liang et al. (2004) provide a summarytethniques for monitoring many aspects of
machining processes and includes a good synopsi®abf monitoring [49]. Most research
indirectly measures the tool wear. Roth et al. BGjive an overview of recent improvements in
the field of tool condition monitoring. Most of theork presented in that paper deals with
improving indirect measurements or mathematicalr@gghes for inferring the tool condition
[50]. Much of the past research has focused onrinfgtool wear based off of measured forces
or spindle torque/power during cutting [46,47,51-34lsing acoustic emissions to determine tool
wear has shown promising results and has beencities fof a number of research projects
[55,56]. There have also been systems devised &sune the machined surface of the workpiece
in order to determine the tool wear [57,58]. Fewtsypns measure the tool directly. However,
Pfeifer, et al. (2000) have achieved promising ltegbirough the use of vision systems to capture
the tool wear directly from the tool [59]. Thessioh systems can be intrusive into the machine
and are susceptible to damage from coolant. Ptieket Johns (1999) performed a review of the
sensors to measure tool condition, various teckesidqa infer tool condition from signals that are

available on machines without adding new hardwamd, strategies for allowing the machine tool
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to decide when the tool should be changed [60]r8 lea system in production today, by Blum,
that has the ability to directly measure the toul detect wear greater tharuB. However, it
utilizes a laser system to measure the tool.

No previous work was found for using touch probesrmeasure tool wear in milling.
However, Shouszhi, et al. published research irbI@Xscribing the use of a contact sensor to
estimate tool wear in a turning operation [61]. Tient of that work was to estimate tool wear
and compensate the turning process in order taaottte dimensions of the finished part. In
turning there would only be a single edge to cagrstolit in milling there are multiple edges.
Also, Shouszhi, et al. were interested in the gdnmehanges as they affect the cutting depth
and not the size of the flank wear itself [61]. v&eat al. (2009) give an overview of some recent
developments in measurement capabilities whichleditl to further quality and reliability in the
machining process. That study also examines thdemgntation of on-machine coordinate
measuring capabilities [62]. The Renishaw toolisgtprobe used for this set of experiments can
be used to detect tool breakage. The Renishaw a@ftwses a given threshold for tool tip
difference. If the tool length that is measuredhet tip of the cutter differs from the original
measurement by more than the given threshold vahes,software considers the tool to be
broken. This only measures the difference at thtyoof an end mill. It is not able to measure

the difference along the side. This technique worlly for catastrophic failure of the tool.

Kalman Filter

R. E. Kalman published his approach to linear Hiig of discrete-data through a
recursive method in 1960 [63]. It has been usethamy applications over the years and very
frequently used in navigation. It can be appliecengver noisy measurements of a linear system

state are being taken. The Kalman filter is therayppate when state progression can be assumed
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as linear and the noise in the system can be appated as Gaussian [64,65]. The Extended
Kalman Filter (EKF) was developed for nonlinear gression of states [64]. An autoregressive
moving average (ARMA) has been used to estimatenwtear state based on an acoustic emission
(AE) sensor [66]. ARMA requires the memory of mpii previous measurements and in its
basic form is univariate.

The Kalman filter uses a predictor model to makeagriori estimate of a state. At a
particular time step, a measurement from a noigysa@eis input into the filter. The error
covariance for the sensor and prediction is usestatstically determine a weighting factor, or
Kalman gain, for the measurementovation The measuremenhnovationis the difference
between the model and the measurementa/Aosteriori state update is made based onahe
priori estimate plus the Kalman gain multiplied by theamgementnnovation Since it is
recursive, it does not require the entire measunéimmstory for determining the current estimate.
It relies on the knowledge of the covariance inghecess and in the measurement, as well as, the
error covariance from the previous step to detegrtiie optimal state estimates [65].

The Kalman filter has been applied in a number atihming operations. Altintas and
Park (2004) use the Kalman filter to remove stmadtunodes from a novel spindle mounted
piezo-electric force sensor [67]. Erkorkmaz andinddts (2000) use the Kalman filter observe
disturbance torque in order to determine a mactuoks drive friction and also estimate position
and velocity for the design of a high speed CNC,d88 Shouszhi, et al. use it to estimate
dimensional errors from tool wear in a turning @bien [61]. A significant benefit of the Kalman
filter is the ability to utilize the measurementsri multiple sensors. Méhring, et al. (2010) and
Lou and Lin (1997) used the Kalman filter to intztgr the output from multiple sensors for

process monitoring [70,71]. The Kalman filter hasceb extended to non-linear
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processes/measurement-process relationships. Réidaekian (2009) use the extended version
of the filter to compensate force measurementsiananend milling [72].

Typical development of the Kalman filter involvdetdetermination of a suitable model,
the measurement correlation, and process and negasat covariance matrices. These steps will
be presented throughout this work and discusselgtiail in the Adaptive Tool Wear Estimation
chapter. The general equations of the Kalman fater presented and described here. The issue
addressed by Kalman was to determine a state éstintach minimizes the expected loss in the
model shown in equation (2.21),

X, =AX ,+W,,, (2.21)
wherek represents the current stégl represents the previous steps the vector of states, is
the matrix which relates the previous states todineent states, and is a random variable
representing Guassian process noise. The generatieq for relating the measurements to the
states is shown in (2.22),

z, =HxX, +V,, (2.22)
wherez is the vector of measuremenitsjs the matrix that relates the states to the nteasents,
and v is a random variable representing Guassian measuite noise. The process and
measurement noise have a zero mean and covariah€@sindR, respectively. Also noted as

shown in equations (2.23) and (2.24),
p(w,)~N(0,Q,) (2.23)
p(v,)~N(OR,) . (2.24)
The covariance matric€d, andR, are specified as shown in equations (2.25) and)2.2
Q =E[ww; ] (2.25)

R, =E[vyv]], (2.26)
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whereE denotes the statistically expected value. Theneté errorg,, is defined as shown in

equation (2.27),

e =X _'5(k, (2.27)

where X, is the state estimate. The state estimate is uhe of the estimate without current

measurement inpug priori estimate, and a residual between the measuremena griori

estimatejnnovation This is represented in equation (2.28),

A

% =X tK (2 -H & ) (2.28)
whereg, , , is thea priori state estimate, or the state estimatesiép with onlyk-1 information,
andK is the Kalman gain. The priori state estimate is determined using equation (2.29)

K1 =A K g (2.29)
The optimal estimate is the one which minimizes tiean-square error. Thus, the Kalman gain

matrix, Ky, is chosen in order to minimize the mean-squamar .efhe mean-square erré1Sk,

is represented by equation (2.30),
MSE = Helg,|. (2.30)

The mean-square error is also the trace of thma error covariance matrik,. The estimate

error covariance is specified as shown in equg2ad3il),

P.=E[eéd]. (2.31)

The product of the error and its transpose is shiaveguation (2.32),

ekd: :( I-KH k)ekHeTk H( I-KH K)T
Ky ef (1=K H ) (2.32)
—(1 =K H B K &

Te T
+K vy K.

The estimate error covariance is shown in equdf2d@8),
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Po=(1-KH)E[e,, £l i](1-K H )
—KE[vel (1=K H )’
~(1-K H )E[e ¥ L K S
+KkE[vkvL]KT< :

(2.33)

Thea priori error is independent of the measurement noisedrctinrent estimate and therefore
the expected value of their product becomes justpfoduct of their expected values. This is

shown in equation (2.34),

E[Vi€li1 = E[Vi] E] €41 ]=0 . (2.34)
The expected measurement noise is 0, by definiao, therefore, the expected value of the
measurement noise multiplied by thepriori error is zero. The estimate error covariance is

determined by substituting tree priori estimate error covariance, equation (2.26), ancon

(2.34) into equation (2.33), as shown in equatidByg),

Pe=(1-KH Pl KH ) KRK T, (2.35)
- |

i~ KH PP HIK K I(H R "R )( !
Similarly, thea priori estimate error covariance is determined as shawequations (2.36),

(2.37), and (2.38):

P =E l:ek,k—lék,k—l:l J (2.36)
ek,k—ld,k—lz Akek—léel ATk_ Wkékl ATk_ Ak(:—‘kkl\’\;k+ WkV\T’ (2.37)
Poxa= AkPk—lATk +Q,. (2.38)

The goal is to determine a gal, which minimizes the mean-square error and as iovesd
before, the mean-square error is the trace oPthmatrix, tr@y). Thus, theK, which minimizes
the mean square error is determined by taking ¢hneative, with respect ti,, of the trace oPy

and setting it equal to zero. The derivative d®Jr{vith respect t& is shown in equation (2.39),
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otr(P,)
K,

=-2P L H + K (HP, H+R ). (2.39)

Setting equation (2.39) equal to zero and solvimdli, results in equation (2.40),
-1
K =P Hi(H P H+R ) (2.40)

By substituting equation (2.40) into equation (2,3Be equation for the estimate error covariance
is simplified, as shown in equation (2.41),
Po=(1-KH Py (2.41)
Equation (2.41) is the last of the necessary egustifor implementation of the Kalman filter
[63,64,73].
Once the equations have been setup they need implemented according to the
methodology of the Kalman filter. The order of Stepe listed below.
0) Estimate the process, measurement, and initiat emeariance matrices based
on experimental data or inference.
1) Determine thea priori state estimate by projecting the previagposteriori
estimate forward, using equation (2.29).
2) Determine thea priori estimate error covariance by projecting the pnevim
posterioriestimate error covariance forward, using equa2od8).
3) Determine the Kalman gain using equation (2.40).
4) Determine thea posterioristate estimate by adding the product of the Kalman
gain andnnovationto thea priori state estimate using equation (2.28).
5) Determine the posteriorierror covariance using equation (2.41).

6) Repeat, beginning with 1, for the next step,
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Force Modeling

Cutting force modeling is common within machinirgearch due to its linkage with part
guality, tool life, and cutting power. A wide vatyeof cutting force models can be found within

literature. They range from the purely empiricald®is to highly complex analytical models.

Empirical

Empirical models are typically simple equations ethare based off of data gathered
from experiments. These are generally accuratéhimiven machining conditions, workpiece,
and tool geometry.

Empirical methods were used by Choudhury and R#8{) and Sarhan et al. (2001) for
finding the relationship between the cutting parreand the cutting forces generated, used
later for monitoring the tool wear [46,54]. An exipeental method was also used by Alauddin et
al. (1996) for determining the cutting forces inamiming of superalloys, which are generally
higher because of the high shear stresses in theriglaThe authors developed a mathematical
model for the average cutting force in slot millin§ Inconel 718. The equation derived for

average cutting force, determined by using respsadace methodology, is given as follows:

F, = 2370f ¥l ¥, (2.42)

where Ifta is the predictive average tangential cutting fofcés the feed per tooth (mm/tooth),

and a, is the axial depth of cut (mm). This model wadistigally shown to be valid for end
milling Inconel 718, with carbide inserts, undey @onditions, at a cutting speed of 20 m/min,
and for a feed of 0.06 — 0.088 mm/tooth and anlabeath cut of 0.5 — 2.0 mm [74]. For this
model it is assumed that the effects of cuttingedpeare negligible when calculating the average
cutting forces. However, Arunachalam et al. (208®ws that average cutting forces decreases

with increased cutting speeds, which is in accardawith the observations from high speed
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machining (HSM) [75]. Real-time parameter estimatan such models has been successfully
implemented in grinding of hardened steels [76-K8¢dified versions of these techniques are

applicable to superalloy milling.

Semi-empirical (Mechanistic)

The semi-empirical models are based on physicahciplies with experimentally
determined factors. This type of model is very camnn machining research. It was developed
from the theory that a given material will have @ssociated specific cutting forck)([9,80].
This specific cutting force is the cutting forcer pmit of chip area. Therefore, the cutting force
can be calculated using equation (2.43).

F = Kbh, (2.43)
whereF is the cutting forceb is the axial depth of cut, arfd is the chip thickness. These
parameters are shown in Figure 2.3, which also shibe radial depth of cubOGC;). The chip
thickness varies with time and can be approximasialg equation (2.44).

h= f,sin(0) (2.44)

wheref; is the feed per tooth ardis the angle of rotation of cutting edge. Thipraach is semi-
empirical because, as stated, khes an experimentally determined factor. It isl stdpendent on
the nature of the cut, the geometry of the tood mhaterial of the workpiece. This model is

discussed further in the Force Model Developmeaptdr.

Analytical

An early attempt to develop an analytical cuttingcé model was published by Merchant
in 1944. He developed the orthogonal cutting maaleich is applicable in two dimensional

cutting operations and he expanded it into thregedsions via the oblique cutting force model.

46



A sketch of the orthogonal cutting force model @wn in Figure 2.27. This model relates
cutting forces to the rake angle of the tool, fateffects of the chip moving along the rake face
of the tool, and the angle of the shear planelatio: to the cut surface [81]. The shear angle is
the focus of significant research since Merchanbliphied his model [82-84]. Due to the
complexity and interrelationships of cutting forcasd temperatures and variability in tooling
design and cutting paths, a completely analytioatd model for milling is not practical for a

production environment.

Figure 2.27: Orthogonal cutting model proposed l®rdant [85].

Finite Element

A significant step in attempting to develop a fndlement model of a cutting process is
to adopt a constitutive model for the workpiece eniat. For a large range of materials, the
constitutive law is based on the Johnson-Cook (d@gel [86]. The J-C model accounts for the

material strain hardening, strain rate hardening,thermal softening during the cutting process:
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o-=(A+ Bgn)(l+ C|néij[1—[TT "_TT }m} (2.45)

where: o is the equivalent flow stress,is the equivalent plastic strain,is the equivalent plastic
strain rateg, is the reference equivalent plastic strain raites the workpiece temperaturg, is

material melting temperature afigis room temperature. Such models have been employea
variety of high temperature materials [87]. Forkeilebased alloys, that are designed to have an
almost uniform flow stress until certain high temrgtares, a new model is formulated. A ‘piece-
wise’ J-C model was proposed by Ranganath et atepoesent the plasticity behavior of a
commercial IN100 nickel-based superalloy, by conmgmultiple separate J-C equations [11].
Figure 2.28b shows that the piecewise model captilne strength of the nickel-based superalloy
at higher temperatures. In other work on gastrengthened nickel-based superalloys, Chen et.
al. present results from orthogonal cutting tesi$ show that current constitutive models do not
accurately reflect the properties of the materiadl aherefore an improved model for these

materials needs to be generated before accurate élement analysis results can be obtained
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Figure 2.28: (a) J-C prediction and measured flress for Inconel 718, (b) Predicted using the

new model and measured yield stress for IN100 [11].
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Analytical and numerical models are very detailedl tot practical for process control
because of the computational intensity and lagsro€essing power at the machining center. Shi
et al. (2010) used finite element modeling to depeand validate the constitutive data for
material models of copper, steel, and Inconel. ddwstitutive model was later used to predict
the cutting forces which were validated throughesipent [89]. Typically the constitutive model
for the material is determined and then used terdéhe the forces required to shear and deform

the material [89].

EfT. Stress
(MPa)

- 1100

750

(a) Stress field (b) Primary and secondary shear zones

Figure 2.29: Typical results of a finite elemembgiation [89].

Concluding Remarks

A significant research gap exists in the work edato millingy’-strengthened nickel-
based superalloys. The machinability reviews by Bzyget al. (1998 and 2003) provide some
discussions on the machining difficulties and h&igs for developing the machining operation.
However, it does not address the development afgs® models or specific techniques for the

progression or advancement of the milling of thesaterials. Process models will provide
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enhanced predictions for setup and planning, estm&for control, and improved fundamental
understanding.

Tool wear is stochastic process with many complateractions, especially within
milling. An adaptive measurement approach that wapt the effects of the tool wear while
providing some understanding of the process isbasiomethod for determining in-process tool
wear. The Kalman filter has been used effectivaly déstimating states from noisy data in
multiple machining applications and there is adbtwork to build upon. The Kalman filter also
provides a platform for building a network of sersstor providing feedback. Analytical cutting
models are complex by nature and when they aretedigp milling or more specifically the
milling of very difficult to machine alloys (i.e.nickel-based superalloys) they become
excessively complex. The semi-empirical cuttingcéomodel provides an equilibrium between
the fundamental physics involved in the cuttinggeiss and computational tractability. Given the
computational power of the controllers on moderrchge tools, this model may be employed in
real-time for process control. Therefore, the sempirical cutting force model is the platform

chosen as the basis for the estimation approaafutated in this research.

50



CHAPTER THREE
TOOL WEAR ESTIMATION

As discussed in the Background chapter, gastrengthened nickel-based superalloys
are extremely difficult to machine and, therefdrejuce rapid wear on cutting tools under all
machining conditions. This rapid tool wear is eviden the cutting forces, as shown in Figure
2.19 and Figure 2.20. The objective of this rededscto develop a real-time, adaptive, cutting
force model for milling nickel-based superalloys.order to do this, tool wear must be accounted
for. In this chapter, modeling and measurementiderations for tool wear while milling nickel-

based superalloys will be discussed.

Determination of Wear Model

As discussed in the Background chapter, tool weaypically considered to occur in
three stages, as shown in Figure 2.26. When milloagt y'-strengthened nickel-based
superalloys, the initial and final stages of weacw so rapidly that the progression in these
stages becomes undetectable under most condilibesefore, the primary focus in this research
is the middle, linear, stage. Since the wear in #iage progresses linearly, it is appropriate to
model it using a linear relationship. A generalizegresentation of a linear model on a typical
wear curve is shown in Figure 3.1. The equatiorheftime based form of the model is shown in
(3.2),

VB(t)=VB + VB 1 (3.2)
whereVB is the size of the flank weaVB, is the “initial” size of the flank weak¥B’ is the rate of
change of tool wear with respect to time, &gl machining timeVB, is not a true initial size of

the flank wear because the true initial flank wsiae is zero with a new insert. This value is the
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amount of flank wear that would be present if timedr portion of the wear curve were

extrapolated to = 0, as shown in Figure 3.1.

Time

Figure 3.1: Generalized wear model on a typicalreeave.

Machining time, distance traveled by the cutterd anlume of material removed are
directly proportional to one another for a giveh @eoperating parameters, equation (3.1) can be
rewritten in terms of either of these parametetsest alternative relationships are shown in

equation (3.2),

VB( x) =VB+ VB x {VB'zddlB} (3.2)
X
with respect to distancg, and in equation (3.3),
VB(V,,)=VB+ VB \j: ve=dvB (3.3)
dV,s

with respect to the cumulative volume of matergahoved Vs The goal of a machining process

is to remove volumes of material. The volume of enat removed is the metric which is not
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ambiguous in terms of the process goal and is ¢isé inetric to use for analyzing and comparing

tool life. Therefore, equation (3.3) is the toolawenodel in this research.

Experiment Design

Milling experiments were conducted and data wakectgd in order to determine model
parameters and validate the research approach.mBwhining tests were conducted using a
single set of parameters and the test was condtiuteel times in succession to get a sense of the
repeatability. The layout of the passes is showa diagram of the workpiece in Figure 3.2. The
top view of the workpiece shows that the tool st front of the workpiece and fed across in
they-direction. The front view shows that the passeseweade in succession from left to right
and that between each test the workpiece was facender to create a new consistent top
surface. Passes labeled with the number one werérshpasses with a new cutting edge. A flow

chart showing the progression of steps for tha@etperiment is shown in Figure 3.3.
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ST \ //

—
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Figure 3.2:Schematic of the test cuts.
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The cutting parameters are shown in Table 3.1.r€kelts of the DOE tests described in
the Machinability section of the Background chagiesvided a range of tool life and cutting
force data. The cutting parameters for this tochmexperiment were chosen, from the DOE tests,
because they result in good tool wear resolutiothiwithe useful operating range of the tool.
These parameters allow multiple cutting passes poidool failure and substantial wear within
the constraints of the machining setup. The in@ssovear measurements were made via touch
probes and a digital microscope between each passmicroscope measurements were used to
determine the accuracy of the probe measurementsafth wear test and determine the wear
model to be used in the Kalman filter. The forceadaere collected to determine the accuracy of

updated force model.

Table 3.1:Cutting parameters for tool wear test.

Feed Rate [mm/rev/tooth] 0.0%
Cutting Speed [m/min] 50
Depth of Cut [mm] 0.25
Radial Depth of Cut [mm] 9.5
Pass Length [mm] 61

Estimation from Probe Measurements

The tool and insert geometry is shown in Figure Bl change in tool lengthL, was
measured directly by the tool setting probe orriextly by the spindle touch prob¥B is the
measured flank wear from analysis of the insertdeura microscope. The actual worn insert
illustrating AL andVB is shown in Figure 3.5. A mathematical relatiopgbr VB in terms ofAL
was determined by applying trigonometric relatiopshto the geometry shown in Figure 3.4.

This relationship is shown in equation (3.4),
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1@/ . tan(/ls)] : (3.4)

AY

T

Figure 3.5: A worn insert depicting flank wear dhd probe measurement.

For the particular tool and inserts used in thegeements,s and ¥ were found by
using specifications from the manufacturer and mmeag the actual inserts under the
microscope. The angles and ¥, were found to be 185nd 6.5, respectively. Therefore, the
measured flank wear is expected to be 8.5 timgegtdahan the measured change in tool length.

When measuring the flank wear with a microscopegyoirtant considerations must be
made. The relative angle between the eyepiece/earapd the insert edge can introduce

significant error. This is shown in Figure 3.6. Tdheshed lines represent the progression of wear
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and the edge radiugB, andVB;g represent the flank wear measurements based wingi@angle

A or B, respectively. There is an additional emesociated with the ‘B’ measurement due to the
inability of a microscope to focus on the entirgg@dvithin the field of view. Therefore, some
estimation by the user is necessary to determime dtige location. Measurement ‘A’ is
considered to be more accurate because this istfrerperpendicular view of the flank wear and
thus the realistic measurement of the flank weae.sThere are other nuances in regards to
location of measurements associated with the compd®metries of cutting edges. Therefore,
setting a default standard for all cutter geomstigenot practical. For purposes of correlating
other measurements to microscope measurementsstemey in microscope measurements is
key. Measurements were taken along the entire theoigthe bottom edge of the insert and were
averaged for each tooth. Figure 3.7 shows the wedhe bottom edge of an actual insert. The

yellow bars represent the average wear measurement.

Figure 3.6: Sketch of cross-section of bottom gk with wear progression and viewing angles.
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Figure 3.7: Picture of tool's end wear showing nueasent location.

Due to the shallow depth of cut used in this seéxgeriments, this method was only
applied to the bottom edge of the inserts. Howeaesimilar methodology can be used to apply
this to the side edge of an insert. The tool s#tast has the ability to measure tool radius amd th
spindle probe can be used to measure side wadlpaft. Care must be taken when measuring the

radius of the insert to be sure that only the vegaa is in contact with the stylus of the probe.

Data Analysis

The touch probe was used to measure the lengthheftdol. Three tool length
measurements were made between each pass andaberements were written to a text file on
the machine’s controller. A truncated set of ravtad@om the touch probe are shown in Table
3.2. The point IDs designate the pass that the uneamnt was taken after and the letter indicates
the different measurement. The data were processgdondensed by calculating the mean of all
three measurements per pass and then calculadrdjffarence between each passes average and
the initial average. For example, the change ihleowth for pass 1 was calculated by subtracting
the mean of the 1a-1c data and subtracting that the mean of the Oa-Oc data. These results are

shown in Table 3.3.
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Table 3.2: Truncated raw touch probe data from weedr tests.

Point ID Test 1 Test 2 Test 3
L[mm] | L[mm] | L [mm]
Oa 120.335 120.344 120.334
Ob 120.336] 120.341 120.336
Oc 120.336| 120.342 120.333
la 120.332] 120.338 120.38
1b 120.331] 120.338 120.33
1c 120.331] 120.336 120.33
2a 120.328 120.334 120.328
8c 120.325 120.328 120.324

Table 3.3: Processed tool setting touch probe data.

Test 1 Test 2 Test 3

Pass | MeanL | ATS | MeanL | ATS | MeanL | ATS

[mm] [mm] [mm] [mm] [mm] [mm]
0 120.336 0.000 120.342 0.000 120.334 0.000
1 120.331] 0.005 120.337 0.00% 120.330 0.004
2 120.330 0.006 120.333 0.009 120.328 0.006
3 120.328| 0.008 120.332 0.010 120.329 0.005
4 120.328 0.008 120.332 0.010 120.327 0.007
5 120.329 0.007 120.331 0.011 120.327 0.007
6 120.329| 0.007 120.330 0.012 120.326  0.008
7 120.326 0.010 120.329 0.018 120.325 0.009
8 120.326] 0.010 120.329 0.013 120.325 0.009

Figure 3.8 shows the average and standard deviafiadghe flank wear measurements
made with the microscope on both inserts after @asis during the three tool wear experiments.
The dashed line represents the best linear fitferwear measurements. Thé \Rilue for the

linear fit is 0.977 which indicates a good fit aitccan be seen from the data that the linear
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assumption is valid. Since all of the data aredin& shows that by the end of the first pass, the
tool has already been worn beyond the initial wstage. It also shows that the inserts are not

utilized until fracture, thus there is no rapidddtdown at the end.
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Figure 3.8Flank wear versus the volume of material removed.

From a least squares fit of the average flank wmaasurements made with the
microscope, the values oWB, and VB’ were determined to be 0.058 mm and
3.48x10° mm,../mn?, respectively. For comparison, a representativarwate for turning AISI
4340 steel with a carbide insert is ~4%10m,e./mm° [90]. This is nearly a 1000X difference.
This is not a direct comparison because turnin@ isteady cut with a single cutting edge
removing all of the material, whereas milling isiaterrupted cut with multiple inserts removing
material. Due to no interruptions in the cut angréfiore no shock on the cutting edge a turning
tool will typically wear slower than a single milly insert but when multiple inserts are involved
the overall wear rate on a milling tool may be sowT o illustrate the difference between these

wear rates, Figure 3.9 shows a ploM& as a function of volume of material removed faraat
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y’-strengthened nickel-based superalloy and AlISI®AS4eel. The plotted lines represent model
estimations for both materials. The plot shows thithin 4 cn? of material removed the carbide
tool would incur ~20Qum of flank wear when machining the casstrengthened nickel-based
superalloy, whereas the tool wear would remain t@onisvhen machining the AISI 4340 Steel. A
carbide tool could remove nearly 3600°ami steel before incurring 200m of flank wear. That

is approximately 28 kg (62 Ibs.) more steel thgpesalloy.
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Figure 3.9: Wear rate comparison betweghsirengthened nickel-based superalloy and AlSI

4340 Steel.

The measured change in tool length for each othihee tests is shown in Figure 3.10.
This plot is also similar to the typical wear curv€he data show a difference in the
measurements between Test 2 and the other two Tdstsdata indicate that initially more wear
develops on the inserts in the second test thameiffirst or third but eventually the wear rate in
the second test stabilized and progresses at kasnaie as in the first or third test. The diffece

was due to run-out that was induced during theaitadion of new inserts. As mentioned in the
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Milling Process section of the Background chapten;out in milling causes one tooth to remove
more material than the other(s). The run-out cawsedof the inserts to wear at a more rapid rate

until the tools equalized and began wearing atrélasi rate as the other tests.
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Figure 3.10: Change in measured tool length froasfta-pass during tool wear tests.

By considering the possible combinations of radiatout and axial run-out, four general
scenarios of cutter run-out are determined and shiowigure 3.11. The first scenario represents
the case when run-out is present in the radiaktiime but not the axial direction. The second
scenario represents the case when run-out is présahe axial direction but not the radial
direction. The third scenario represents the casenwun-out is present in both the axial and
radial directions and a single insert. The fouddrgrio represents the case when radial run-out is

present on one insert and axial run-out is presernhe other.
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A

Figure 3.11: Four general scenarios of cutter muin-o

By assuming that a single insert in milling weara aate ofVB',qe then the flank wear,

with as a function of time, for insert AB,(t), is shown in equation (3.5),

VBA ( t) = VB‘singIe \{/IR,A( t)+ V%,single’ (35)

and for insert BYBg(t), is shown in equation (3.6),

VBB ( t) = VB‘singIe \{/IR,B( t)+ V%,single’ (36)

whereVByinge IS the initial wear for a single insert aNgira(t) andVyrg(t) are the cumulative
volumes of material removed as functions of timetf@ respective inserts. If deflection of the
tool is assumed to be negligible, then the cumedaiolume of material removed for insert A is

shown in equation (3.7),

V()= [ o (1) A a(Dlt, 3.7)

and for insert B in equation (3.8),

Vs ()= [, bs(t) A (1) dt. (3.8)
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whereb,(t) andbg(t) are the depth of cut for inserts A and B, respelgt, when time ig and
A A(t) andA. g(t) are the area of the uncut chip for inserts A Bndespectively, when time is
The change in the cut dimensions with respectne s shown in regards to a machined pass in

Figure 3.12.
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T SR
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Figure 3.12: Top, front, and side views of a maetipass showing changes due to tool wear.

The depth of cut as a function of time for insefisAhown in equation (3.9),

b,(t)=by,—ALL(1)

1

=b,, - (Fj (VBA,O + VBige i A( D) , (3.9)

Yorr
whereb, is the initial depth of cut for insert AL(t) is the change in tool length due to tool
wear for insert A as a function of time, aviB.,,; is the correlation factor for the flank wear with
respect toAL of the tool. The equation fdm(t) is identical to equation (3.9) but with respext t

insert B. The radial depth of cut as a functiotiroe for insert A is shown in equation (3.10),
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DOC, , (t)=DOC, , ,—Ar, (1)
1

corr

= DOCr,A,O _( J(V&O + VBsingIe %R A( ’) ’ (310)

whereDOG, 0 is the initial uncut chip thickness for insert £&(t) is the change in cut radius of
insert A due to tool wear as a function of timeg &B.,,, is the same correlation factor as in the
depth of cut equation. The flank wear avil.,,; is assumed constant around the entire cutting
edge. Therefore, théB.,,, for the change in radius is the same as for tlagh in tool length.
The equation fohg(t) is identical to equation (3.13) but with respeecinsert B.

The areas of the uncut chips are shown in Figut8. 3he machine moves the tool at a
constant rate in the lateral direction and the arhofi wear on a tooth from one rotation to the
next is considered negligible. Therefore, the nahimcut chip thickness is constant, regardless
of wear. However, when radial run-out is present tooth will remove more material than the
other. The uncut chip thickness relationships amve in Figure 3.13 and, from this figure, the
relationship between the nominal feed per tofyth,, and the feed per tooth for inserts A and B
is derived, as shown in equation (3.11),

2, om= foalt=7)+ f 5(t). (3.11)
wheref; » andf, g are the feed per tooth for inserts A and B, respely, andr is the time for the

tool to rotate 180 The relationship for is shown in equation (3.12),

~180-60_ 3C

r= =X (3.12)
360N N
The feed per tooth for insert B is shown in equaf®13),
ft,B(t)Zth,nom_ ftA(t_T)- (3.13)

The previous equations can be written identicalithwespect to insert A. From equation (2.8),

the uncut chip thickness as a function of timeifsert A is shown in equation (3.14),
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h,(t) = f,A(t)sin( 6Nt) g( 1) (3.14)
The area of the uncut chip for insert A is the gné of the difference between the current swept

radius of insert A and the previous swept radiusiért B. This is shown in equation (3.15),

AE,AZJ‘ZJ‘(:(rCZ,At_rCZ,B,Pr)jrde' (3.15)

2ft,nom

Figure 3.13: Uncut chip thicknesses when run-optésent.

The radial run-out, or difference in the cut radftmm insert A to B, as a function of

time, Arag(t), is shown in equation (3.16),

ArAVB(t):ArAB‘O+£\%J(VBB(I)—VBA(t))

corr

=Ar

A,B,0

VB

1 .
+ [ j(VB single VMR ,B( t) + VB),singIe_ VB single%R A,( )_ VBO,Sing&
VB'

= Alygo+ [ VBS‘”Q'GJ(VMR, o(1) Vi A1), (3.16)

corr

whereAr, g IS the initial radial run-out. The axial run-oot, difference in the cutter length from

insert A to B, as a function of timaL,g(t), is shown in equation (3.17),
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VB

corr

+[ = j(VB'single VMR,B( t) + VBJ,singIe_ VB single\éR A,( )_ VBJ,singDa

VB'ingie
WMJ(VMR,B(‘:) _VMR A( t))' (3.17)

=Alpg, +[
whereAL, gp is the initial axial run-out. The run-out is camesied to equalize whefir, g(t) and
AL, g(t) are zero or at a timeg, as shown in equation (3.18),

VBlsingIe
AL, go :[ VB ](VMR,A(teq) —Vig E(t el)) . (3.18)

corr

An iterative approach is necessary to solve eguaol8) because the change in the cutting
parameters are functions of the volume of mateeiaoved and the volume of material removed
is a function of the change in the cutting paramsetm this research, the run-out in the second
test is assumed to have equalized by the end ofotmth pass since the wear progresses at a
similar rate, beyond that pass, as it does in therdests.

The measurements made with the tool-setting probdizated that there was a greater
difference in the tool's length and diameter foe 8econd test than the first and third. The wear
measurements showed a larger difference for tisetiro passes of the second test than for the
first two passes of the first or third test. Runi-becomes apparent when analyzing the cutting
forces because one tooth is removing more matdral the other during each pass and it is
incurring greater cutting forces. The tooth whiempves the most material is the dominant tooth.
Figure 3.14 shows the resultant of the x-, y-, afidrces during the first pass of Tests 1 and 2.
Six peaks can be seen in the figure. The peaksesept the engagement of a tooth in the material.
Since there are two teeth on the cutter, the depaesent three rotations of the tool. The

difference in run-out can be seen in the data layréming the change in the peak force from one
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tooth to the next, or from the first peak to them®l peak, and so on. It can be seen that there is
greater change from peak to peak in the forcesttfersecond test than the first test, which
indicates greater run-out. Figure 3.15 also shtvgesultant force data for three tool rotations of
Tests 1 and 2 but for the fifth pass instead offifts¢ pass. From Figure 3.10 it can be seen that
the wear rate has stabilized by the fifth pass iandimilar for all three tests. As previously
discussed, when run-out is present, the dominanth twears faster than the non-dominant tooth
in the initial passes because it is bearing a grdaad. Eventually, the dominant tooth wears to a
point when both teeth remove similar amounts ofemiat At that point the wear rate will
stabilize. The change from peak to peak in the ohatégure 3.15 shows that run-out in the fifth
pass of the second test is essentially the sartieeasin-out for the first test. Therefore, theialit
difference between Tests 2 and 1 was eliminatedusecthe dominant tooth has been worn to a

point that it is removing the same amount of matexs the non-dominant tooth.

250

200 )’

50|y ‘\ | ) | ‘
| W M w &M M W '

P mr | J b
M WW M

7 By

28.65 28.7 28.75 28.8 28.85 28.9

Distance [mm]

Figure 3.14Resultant cutting forces for three tool rotationsig pass 1 of Test 1 and Test2.
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Figure 3.15: Resultant cutting forces for thred totations during pass 5 of Test 1 and Test2.

The probeAL, to wear,VB, correlation factorVB.., of 8.5 from the Estimation from
Probe Measurements section was used to calculatestimate o¥/B for each pass in each test.
The average and standard deviation for each opdlsses in the three tests is represented by the
error bar plot in Figure 3.16. The microscope measents are shown again in this figure to
show the correlation between the probe measurenmemds microscope measurements. The
average standard deviation for the probe estimiatd®.3um. This is considered large since,
within these tests, the measured, typically, ranges from 6@m to 100um. However, the
estimates from the probe measurements do increatde avsimilar rate and the average
estimations are within 12m of the average measurements. The averages pfdbe estimates
showed the same trend as and are all less thaavérages of the microscope measurements by a

consistent amount. This could represent an isstie the calculated correlation factor between
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the probe measurements and the actual flank weaméntioned previously, the probs,, to
wear,VB, correlation factor was determined by measurirgjemof the insert under a microscope
and correlating with angles provided on the suppglieebsite. Due to the complex geometry of
the insert and the inability to ensure exact aligntmof the microscope with the insert while
mounted in the cutter body, precise angle measuremegere not possible. Also, the supplier was
not willing to provide exact geometry of the insdmcause it was considered proprietary
information. However, dividing the microscope maasoent by the measured change in tool
length and averaging the values resulted in a pmlbgto wear,VB, correlation factor of 10. If
the error in the probe estimate is defined as itfierence between the average probe estimate and
the average microscope measurement, then the averagyr decreases from drh to 2um by
using aVB.., of 10, rather than 8.5. The results of using tee gorrelation factor are shown in
Figure 3.17. This new correlation factor was usadtlie calculation of probe estimates through

the rest of this work.
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measurements with new correlation factor.

Uncertainty

Since the measurements made in this set of expetinaee on the order of micrometers
and this is close to the accuracy/precision limitsnany machine tools and on-machine probing
systems, an uncertainty analysis has been inclutleel.data for the machine tool were taken
from a record of the accuracy tests that the marwfer (Okuma) performed on the particular
machine used for these experiments. The data #®rptlobes were found in specifications
published by the probe manufacturer (Renishaw)epeatability study was also conducted on
both probes in the machine. The repeatability stwdg conducted for the spindle probe by
measuring a point on a flat surface, then moving phobe out of position and issuing the
command for it to measure the same point on thesamnface. This was completed 30 times in
total and the standard deviation was calculateh fitte measured values. This standard deviation
is the “Measured On-machine” value shown in thebdislow. A similar method was completed

with the tool set station. A tool length was measlthen the tool was moved out of position, the
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measurement command was issued to the machine, againthe measurement was recorded.
This was also completed 30 times and the standavihtibn was calculated from the measured
values. All of the data from these sources are saized in the following list.

e Machine tool coordinate errors [91]
0 Positioning Accuracy (Okuma test results):
»  Xx-axis:+ 0.0010 mm (Full Travel)
= y-axis:+ 0.0010 mm (Full Travel)
= z-axis:+ 0.0010 mm (Full Travel)
0 Repeatability of Positioning (Okuma test results):
»  Xx-axis:+ 0.0005 mm (per 100 mm)
» y-axis:+ 0.0005 mm (per 100 mm)
= z-axis:+ 0.0005 mm (per 100 mm)
e Probe repeatability [20,21]
0 Tool Set Station:
» Manufacturer Specificatior: 0.001 mm
* Measured On-maching:0.002 mm
0 Spindle Probe:
» Manufacturer Specificatior: 0.001 mm

= Measured On-maching:0.001 mm
These measured repeatability values for the pritutésate that there are@m and 1um

of uncertainty in the tool set station and spingitebe measurements, respectively. Therefore,
when the size of the flank wear is small, the utaety can be as much as the measurement
itself, thus these measurements made with the probae lead to significant error in the wear
calculations. Even at larger wear sizes (~108), the uncertainty is nearly 20% of the
measurement for the tool set station. Also, agdtat the end of the previous section, the average
of the sample standard deviations for each pagheanests was 19.8m. Accounting for the

measured repeatability of the tool set station\dBd,;, the expected standard deviation would be
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20 um. The average of the sample standard deviatiolcslated from the test measurements is
within 5% of the expected standard deviation frdme probe repeatability. Therefore, these

values are logical.

Concluding Remarks

This chapter described the considerations for deténg a wear model for use in the
Kalman filter. The methods of data collection aedttdevelopment were also discussed. The
expected correlation was developed based on geiorpeinciples, the data from the experiments
were analyzed, and the error in the measuremetgrsywas discussed. The correlation factor
that was originally determined was concluded toifmccurate and an improved factor was
determined from the data and shown to provide betstimates. The error was found to be
substantial and it was discussed that there aer fdlotors which should be considered (i.e., run-
out). One factor that was not mentioned was thbilityaof this method to detect notching in the
insert’s corner and it will be seen in the forcedmling chapter that this is significant.

A consideration for implementing this in an actu@nufacturing process will be the
frequency of measurements. This will be directgdtto material wear rates. As shown in the
Data Analysis section of this chapter, a carbide veould machine a significantly higher volume
of steel than nickel-based superalloy before inogrrthe same amount of wear. Probe
measurements increase the cycle time of a machopegation because the tool is not removing
material during this time. This must be balancethviie number of measurements necessary to
adequately capture the wear progression. Thisbgilapplication specific. However, the interval
between measurements will be longer when machirstegl than when machining -
strengthened nickel-based superalloy because titee s only capable of detecting significant

changes in the tool length.
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CHAPTER FOUR
ADAPTIVE TOOL WEAR ESTIMATION

The adaptive tool wear estimation was incorporatethis research to provide robust
wear estimations. The adaptive estimation is robastuse tool wear is stochastic and, as shown
in the previous chapter, the touch probe measuremethod contains significant variability. An
adaptive approach incorporates sensor measureimerusjunction with state predictions from a
model and to reflect the actual process when iiades from the modeled expectation. This is
extremely important when machiningyastrengthened nickel-based superalloy becauseepsoc
changes occur often and rapidly. Capturing the ggeaeviations due to tool wear allows the
deviations to be reflected in other models (i.etcé modeling) and leads to higher accuracy in

those models.

Derivation of Specific Kalman Filter Equations

The Kalman filter is often explained from a Bayasfmint of view [65]. Bayes theorem
uses an assumption to make a prediction aboutugefetvent, then uses feedback after the event
to improve the assumption, thus refining the assiompover time. This is very similar to the
operation of the Kalman filter. The Kalman filteedins with ara priori estimate of a state based
on a process model. A measurement of the statadenThe measurement is compared taathe
priori estimate to determine the measurenienbvation or residual between measurement and
estimate. Ara posterioristate update is calculated by multiplying theovationby the Kalman
gain and adding this to thepriori estimate. The Kalman gain is the factor that mings thea
posteriorierror covariance. This is accomplished by miningzihe trace of tha posteriorierror
covariance. These steps provide an improved stitmate and allow for a recursive estimate,

measure, and improve approach.
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The states being estimated in this research werélahk wearVB, and flank wear rate
with respect to the change in volume of materiatoeed,VB'. The state vectox, is shown in

equation (4.1),

Ve 4.1
X=1ugi(" (4.1)

For this implementation of the Kalman filter theopess and measurement covariances were
assumed to be constant. In many cases the covarimatrices are considered to be tunable

parameters of the Kalman filter. However, in thésearch they will be estimated based on

experimental data. The variance in the tool setingh probes?,, was determined to ben’

from the probe repeatability study discussed inThel Wear Estimation. However, by taking
into account the correlation factor between the sab station measurement and the tool’s flank

wear, the standard deviation of the measurementdimai20um and the measurement variance,

2
m?

o2, would be 400um® The process noise covariance was estimated fremdata gathered

during this research and previous experimentafitre. data have shown that, for a given set of
machining conditions, the wear rate is independdénthe actual wear amount (Figure 3.10).
Therefore, the covariance betwedt8 and VB’ is 0. The VB process noise variance was
determined by calculating the sample standard tewiaof the VB measurements from the
microscope. Th&/B’ process noise variance was calculated by detergihie sample standard

deviation of thevB’ from the least squares regression on each sebbfvear test data. THéB
process noise variance;’,, was estimated to be 36n” andVB’ process noise variancey ,

was estimated to be 0.Qim¥mmP. These values are used in the covariance matfices

equations (2.25) and (2.26) as indicated in eqnat{d.2) and (4.3),
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Q=E[ww, | =(GCV)B ° J (4.2)

R=E[v,v; |= (aé) : (4.3)
Equation (2.29) was used to determine dhgriori estimate of states. Since the flank wear rate
has been observed to be nearly constant in theigracear portion of the tool’s life, the flank
wear rate in the priori estimate is assumed to be constant from the tagtte the current step.

Thea priori state estimate is shown with the specific variafideshis research in equation (4.4),

),Z :A)A( _ Va<,k—1 _ 1 AVMR Va(—l (4 4)
okt “t VB 0 1 )|vB,, '

where AVyr was the change in volume of material removed fame pass to the next (e.g.,
volume of material removed per pass), &il,; andVB’,; were thea posterioristate estimates
from the previous iteration of the filte¥B.; andVB’,; needed to be assumed before the first
estimation. They were determined based on micreasoopasurements as discussed in the Data
Analysis section of the Tool Wear Estimation chapé® andVB’ changed with each iteration of
the filter as the improved state estimates wererdened. The framework of the model from the
previous section was used in the development otému (4.4) but the values derived from the
linear fit were only used for the initialization tfe Kalman filter.

The measurement equation (2.22) is shown with 8pectariables for this

implementation in equation (4.5),

z, =Hx, +Vv, =ATS = {}\//Bcorr OHXE‘ }+v (4.5)

where ATS was the change in tool length measured by the gebistation, an®/B.,, was the

correlation factor between the tool set stationsoeament and the tool’s flank wear.
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The last filter parameter to determine before impdating the filter was the initial
estimate error covarianc®,. If the estimate error covariance was initializedh high values
then the Kalman gain would put more weight onitiivationand therefore put more weight on
the measurement. However, the model estimation dvbel weighted more heavily B, were
initialized with high values. The initialization wtg skew the first measurements in one direction
or another for the first few iterations but thefilwould settle during operation. When machining
v'-strengthened nickel-based superalloys, the taamdmoccurs very rapidly and it is not possible
to make multiple measurements. With this beingcte, the estimate error covariance should be
reasonably approximated. To approximate the estiregbr covariance matrix, the initial errors
between the microscope measurements and modeladssimvere calculated, averaged, and
multiplied per the matrix multiplication as shownequation (4.6),

P —E[ed]- E{ {Q/B,o} (6. %’0}} _ e 0 G| @)

€m0 €eo®e0  Gmo
whereeg, is the firstVB state error anéyg o is the firstVB’ state error. The firs¢ B state error
was 7um, and the firsvVB’ state error was 5E-8m/mn¥. After determining all of the specific
equations, initializing the covariance matriceg] aritializing the states, the order of steps from

the Kalman filter section of the Literature Reviess followed.

Results and Discussion

The equations and algorithm from the previous eaactrere used in conjunction with the
data gathered during the tool wear tests describettie Tool Wear Estimation chapter. The
resulting filtered estimation, microscope measurasiemodel estimation, and correlated probe
measurements are shown in Figure 4.1, Figure 44, Rigure 4.3 for tests 1, 2, and 3,

respectively. The filter results for tests one dhtke have a maximum percent difference of
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12.7% and 6.8%, respectively, from the microscopeasurements. However, the filtered
estimates for test 2 overestimate the measuredhwatitflank wear by a maximum percent
difference of 32.4%. This is expected because efrtm-out issue for test 2 described in the
previous chapter. The filtered data were calculatetle between the probe correlation and the
wear model, which was by design. The wear model agepted every iteration based on the
previous model estimate, the measurement, and alad6 gain. The variance is filtered and the
result reflects the estimate with the lowest vaz@arThe model is weighted more heavily than the
correlated probe measurement due to the varianteiprobe measurement as compared to the
variance in the process and, therefore, the estiméit trend more closely with the model.
However, a significant change in the probe measen¢mvill cause a response in the filtered data

but it will lag to the next iteration of the filter
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Figure 4.1: Results of the Kalman filter on theadfaom Test 1.

78



7
S m
N S !
= @
o e &
S 3 S F _
o m () o o [OREE
— = () = = o Q0
- £ Lo o6 °
o
8 = o HE
® 2 = B
E B
o =
= o c
I\ Y A I — _ - -
©2 E o
[0+ N\ ) |
nu“M > \" ” ”
=) Q [ W VA '/ [
¥%5 = ” ”
Y— | |
m o | |
[7)] | |
S35 5 Ll N& ]
AN
g 3 ” ” ” ”
x ” ” ” ”
N | | | |
© < 0~  © m
o © o <9 <9 o9
5 o o©o o
(@]
[ww] reapn yue4 i [ww] reapn Mue4

1000 1200

800

79

600
Volume of Material Removed [mn]

Figure 4.3: Results of the Kalman filter on theadfaiom Test 3.



As mentioned, the overestimation in regards todbeond test's data was due to the
cutter run-out that was discussed in the Tool WEstimation chapter. The run-out caused
accelerated wear of one tooth in the initial pasddbe test. This was detected by the tool-setting
touch probe because the tooth that was removinghdst material and therefore experiencing the
higher wear rate was the tooth that was drivingniia&imum length measured by the probe. The
accelerated wear on the tooth that was bearingeatgr load eventually caused the material
removal of the two teeth to equalize and the wese became similar to the wear rates in the
other tests; however, the change in tool lengthsonesnents were already high due to the change
during the first couple of passes. Thus, the proleasurements caused the filter to continue

predicting at an accelerated rate even thoughotlentas not actually wearing at that rate.

Concluding Remarks

The Kalman filter was used to integrate a tool weaadel and touch probe measurements
into an adaptive wear estimation. The necessargites and relationships were developed and
applied to the data collected during three idehtical wear tests. The error of the estimations
was determined by examining the difference betwihenfilter estimates and the independent
observations from the microscope. The filter estiomaerror was 12.7% and 6.8% for the first
and third tool wear tests, respectively. It wasatoted that more run-out was present in the
initial passes of the second test and this ledgtuificant error (32.4%) in the last estimate dditth
test. The mean absolute error in the estimates fhenprobe measurements for each pass in each
test, without the filter, was 1fm. However, mean absolute error of the filter eates was &m.
Therefore, the Kalman filter reduced the errorha flank wear estimates from the on-machine
touch probes by 53%.

A benefit of using a Kalman filter approach is titais expandable to multiple sensors.

Multiple researchers have used the Kalman filtantegrate the output from multiple sensors for
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process monitoring [70,71]. In the method preseimdbis research, a power monitor would be a
logical addition. Many researchers have shown pgptieability of using power to estimate where
a tool is in its life [46,47,51-54]. Similar to tolu probes, power monitors are also inexpensive
and easily installed a machine tool. The power mooimg approach does not provide any
information regarding the actual physical chandab@tool as it wears; however, it does give an
indication of the development of a different typeawwhich the touch probe does not detect and
the power monitor is able to measure while theimgitaction is taking place. As mentioned in the
previous chapter, the touch probe does not detactch developing on the inserts edge but the
power monitor could. It is assumed that a similazasurement to flank wear correlation is
appropriate for measurements with the power morawmrwith the tool set station. With this
assumption, the Kalman filter measurement equasiavritten to include a second measurement,

as shown in equation (4.7),

(4.7)

AT%}_ }\//Bcorr,TS 0 {Va }+V

AR | VB!
“ }\//Bcorr,P 0 “

where APy is the change in spindle power from nominal cattpower to the current cutting

zk:ka+vk:{

power at stef, VB, 15 iS the tool set station measurement to flank veearelation factor, and
VB p is the power measurement to flank wear correldiégator. The measurement covariance,
R, becomes a 2x2 matrix. The measurements madethgtiwo sensors are not related to one
another and, therefore, the covariance of the tweasurements is zero. The measurement

covariance is shown in equation (4.8),

2
R= E[vov;] = {O_TS 02] (4.8)

0 o5

where ¢ is the variance of the tool set station measuréraed o7 is the variance of the

power measurement. All other equations in the d@&on of the Kalman filter remain unchanged.
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CHAPTER FIVE
FORCE MODEL DEVELOPMENT

The mechanistic force model is based on physidatiples and it is manageable from a
computation standpoint. It gives insight and un@arding into the effects of physical changes on
milling forces while also being able to calculagtimates in real-time with limited computational
resources. This chapter discusses the feasibflitlyi® model when machining multiple materials,
including y'-strengthened nickel-based superalloys, and ptessemew approach for updating a
force model which incorporates the physical changethe tool as it wears allowing rapid tool

changes to be captured and resulting forces tatimated.

Investigate Feasibility of Mechanistic Force Model

This section describes an adaptation of the modeluding ‘edge effects’ and an
approach for determining the cutting coefficieriy [The edge effects component captures the
effects of the tool rubbing on the workpiece arg ploughing effect. The rubbing effect includes
the friction between the tool and the workpiecguiFé 5.1 shows a tool engaging the workpiece.
The dashed line represents a separation of matbatlis sheared away and material that was
ploughed or pushed. The ploughed material is glalyi deformed and remains on the machined
surface of the workpiece. The edge effects aretanhguring the cut of a tooth. This model has

been applied to aluminum, steel, and-atrengthened nickel-based superalloy.

Workpiece

Figure 5.1Tool engaging the workpiece.
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Current Mechanistic Force Model

Figure 5.2 illustrates the normal and tangentiatimg forces on the cutter. Equation
(2.43) is expanded to normal and tangential compenef the cutting forcefF, and F,
respectively, by substitutink, andk; for K. The normal force relationship is shown in equatio
(5.1),

F,=k.,bh (5.1)
wherek, is the normal specific cutting force coefficiefthe tangential force relationship is
shown in equation

F =kbh (5.2)
wherek; is the tangential specific cutting force coeffitieFigure 5.3 illustrates the slot milling

process and identifies the nomenclature that wilubed in the equations throughout this chapter.

Figure 5.2: Normal and tangential forces on théecut
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Figure 5.3:Sketch of slot milling process.

The accuracy of the model was improved by the audiof edge effects to the basic
equation. As discussed, edge effects were dueeadabl rubbing the workpiece and, in this
example, were only dependent on the depth of ccaidse the effect was assumed to be constant
in relation to the amount of cutting edge engagethe cut. The improved model equations are
shown below.

F =k, bh+ ngeb’ (5.3)

F =kbh+ Igeb’ (5.4)
wherek is the specific cutting force and the subscrnilenotes ‘normal’t denotes ‘tangential’,
ande denotes ‘edge effects’ [9].

In slot milling, when the radial immersion of thaot is 100%, the specific cutting forces

can be calculated from the measuredy, and z components of the cutting force data. The

orthogonal components are given by the followingagipns:
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sz(ktbftSinT?H+ k,bcosg + wm+ K, bsirﬁj- 90 ), (5.5)
A, =[Kbﬁm+ bt =02 - l@ebcosej- 90), (5.:6)
F, =(~k,bf,sind— k_b)- g@), (5.7)

whereg(6) is a switching function which is one whéris betweerd; andd., and zero when it is
outside the interval.

The methodology for determining the specific cutinoefficients is discussed by
Schmitz and Smith (2009) [9]. The average cuttiogds in the x-, y-, and z-directions were

determined by integrating equations (5.5) - (5.ithwespect to theta, as shown in equations (5.8)

- (5.10),

D% (1 f,sin 20+ &, coF+ k- k 1, cob @)+ B, sit)a

k - L '
- fcos®+ X, SII’19+knftt9——2 f sif @)+ R, C@L , (5.8)

s

3 =J9e(k1bft (1- C;JSZB) + kb sin22t9_ Iget:coseJ @

HS

(k(20-sin@) i cosz) - J°(k, con) k. sb) (59

HS

bf,
8r

Il
—
Z

F - j::(—kabftsine— k. b) o

ee

| 32k 1o~ k)|

2 (5.10)

6, "

In a slot milling operatiors is  and . is 180. The following equations result from using these

limits slot milling limits for 6; andé, in equations (5.8) - (5.10):
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£ —Nibk ;| Nbk, (5.11)
4 V4

_ Nb b

F,- 4K f,+ Nﬂlﬁf (5.12)

£ __Nbk  Nb 513

T 2
The general form of these equations is the equatienline with the feed per tooth)(as

the independent variable and the average fofedas the dependent variable. The equations for

the specific cutting force coefficients were dedvieom equations (5.11) - (5.13) and are given

by equations (5.14) - (5.19).

o =B (5.14)
N,b
k=220 (5.15)
N,b
43,
_ %y 5.16
K, N.b (5.16)
_ 8y 5.17
= 517
e
=T, 5.18
*"TND (518)
o, = 2% (5.19)
N,b

whereN; is the number of teeth on the cutter|s the slope of a line which is fit to the average
force versus feed per tooth points from the meakdata, andy is the extrapolated cutting force
at a feed rate of zero, for all three orthogonatéocomponents. Figure 5.4 shoaisanda, in

relation to the average force and feed per todth [9
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Figure 5.4: Graph showirg anda,.

Preliminary Model Investigation

The model was validated using slot milling testsAdmminum 6061-T6 and Steel 4140.
An indexable, 15.875 mm diameter, two insert entl was used for both sets of tests. APKT
style inserts were used, but a more wear resigtgetrt material and coating was used for the

steel test than was used for the aluminum test.cliting parameters for the tests are shown in

Table 5.1 and Table 5.2.

Table 5.1: Cutting parameters for the Aluminum shilting tests.

Test | Feed Rate Surface'Spee HAxial Depth
# | [mm/tooth] [m/mln] of Cut
([rev/imin)) [mm]
1 0.025 200 (4010) 0.5
2 0.075 200 (4010) 0.5
3 0.125 200 (4010) 0.5
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Table 5.2: Cutting parameters for the Steel sldiingitests.

rest| Feed Rate Su[];:lcrﬁi Ir?]Ioee dAxi;I gjtpth
# | [mm/tooth] ([rev/min]) [mm]
1 | 0025 30 (600) 0.5
> | 0075 30 (600) 0.5
3 0.125 30 (600) 0.5

Figure 5.5 shows the average force as a functiofieed per tooth with lines fit to the
points for the aluminum slot milling tests. A leasjuares fit was used to determine dahanday
parameters from the average force versus feedpd#r for each force direction. The parameters
were used to determine the cutting force coeffisi€fiable 5.3). The modeled forces using these
coefficients are shown in Figure 5.6 and compaoetié experimental results. The resultant force

represents the each direction of the cutting foesekthe maximum error between the model and

measured forces is 6.7%.
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Figure 5.5: Average force versus feed per toottAfaminum.
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Table 5.3: Cutting force coefficients for Aluminwsiot tests.

Coefficients [units] Values
ko [N/mn?] 2580
Kne [N/mm] 133
ke [N/mm] 3140
Kie [N/mm] 105
ka [N/mn??] 844
Kae [N/mm] 19.1

—Force — Force Force —— Forcq2
X y L z L es|

Force [N]

5.08 5.085 5.09 5.095 5.1 5.105 5.11 5.115 5.12
Time [sec]

Figure 5.6: Model on real data for three tool riot@¢ during slot milling of Aluminum (test 3).

Similar modeling was performed for forces during thilling of steel. Figure 5.7 shows
the average force as a function of feed per toath iines fit to the points for the steel slot
milling tests. As with aluminum, the cutting forceefficients were calculated for the steel slot
milling tests and the force model was generated. dltting force coefficients are shown in Table
5.4. The experimental data and the model are shawfigure 5.8, and the maximum error

between the measured and modeled resultant forme222%.
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Figure 5.7: Average force versus feed per tootlSteel.

Table 5.4: Cutting force coefficients for stealtshilling tests.

Coefficients [units] Values
Ky [N/mn] 1530
Kne [N/mm] 121
ke [N/mm?] 3520
Kie [N/mm] 113
ka [N/mm?] 1430
Kae [N/mm] 56.3
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Figure 5.8: Model on real data for three tool riotas during slot milling of Steel (test 3).

Similar tests were conducted on the nickel-bas@ersiloy. The same cutter and insert

shape, but with PVD coating, were used and thenguftarameters are shown in Table 5.5. The

parameters are less aggressive than the paranfietesteel and aluminum. They were chosen

based on experience machining these materials. clitttng parameters shown in the table

provide relevant force data for the duration of¢héting experiment.

Table 5.5: Cutting parameters for the slot milliegts performed on the nickel-base superalloy.

Test#| Feed Rate| Surface Speed (RPM| Axial Depth
[mm/tooth] [ [m/min] ([rev/min]) | of Cut [mm]

1 0.025 25 (501) 0.25

2 0.035 25 (501) 0.25

3 0.04 25 (501) 0.25

4 0.05 25 (501) 0.25
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A least squares fit was used to determineahanda, parameters for the nickel-based
superalloy milling tests. The line was plotted witle data points and is shown in Figure 5.9. The

cutting force coefficients for the first test alown in Table 5.6.
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Figure 5.9: Average forces versus feed per toatledah slot milled in the superalloy.

Table 5.6: Cutting coefficients for superalloy {t&k

Coefficients [units] | Values
Kq [N/mm] 2970
Kne [N/mm] 60.4
ke [N/mn?] 7240
Kie [N/mm] 83.0
ka [N/mn?] 5750
Kae [N/mm] 245

The model prediction was compared with the expertaledata, for three consecutive
rotations of the tool in the beginning of a pas$igure 5.10. Cutter run-out is observed in the
experimental data, thus the forces vary from om¢htéo the other, while the model remains the

same. This is considered to be a good model fiab®e it is a good correlation to the average
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force of the two teeth and the model is considéndak applicable to this nickel-based superalloy.
The effects of run-out are more apparent due higingth of the nickel-based superalloy and a
slight variation in the chip load on the cuttingtio results in a significant force difference. The

maximum percent difference between the resultamefmmeasurement and model is 20% but the
error between the average measured resultant &mdehe model is 2%, in the beginning of the

pass as shown in Figure 5.10. However, maximumemerdifference between the resultant force

measurement and model is 33% and the error betiheeaverage measured resultant force and
model is 20%, in the end of the pass as showngnrBi5.11. This reinforces the need for an

improved cutting force model that accounts for riéyeid tool wear incurred when milling nickel-

based superalloys.

1 1
_ Forcg _ Forcegl ForceZ _ Forcems

_100 1 1 1 1 |
11.94 11.97 12 12.03 12.06 12.09

Distance [mm]

Figure 5.10: Model on real data for three tool tiotgs during milling of superalloy (beginning).
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Figure 5.11: Model on real data for three tool tiotas during milling of superalloy (end).

Incorporate Wear into the Force Model

Figure 5.12 shows the average cutting forces ferfolurth nickel-based superalloy test.
As previously stated, it can be seen from thisrigthat the forces at the end of the pass are
significantly higher than the forces at the stédt.observe the effect of this change on the cutting
force model for multiple cutting parameters, furthesting was completed using the parameters
in Table 5.7. These parameters encompass a brogd od cutting forces. Subsets, or windows,
of data were used to determine the cutting coeffis in the beginning, middle, and end of the
cutting pass. The subsets of data consisted ofuttang forces from 80 tool rotations and were
extracted from the same beginning, middle, and lendtions for each pass. Examples of the
beginning, middle, and end subsets are shown aggerhoxes in Figure 5.12. The average

cutting forces for each, beginning, middle, and,docation were plotted with respect to the feed
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rate for each particular cutting speed and depthcudf combination. The specific cutting
coefficients were calculated by determiniaganda; using the least squares fitting method as
previously discussed in this section. This methogglis shown in the flow chart in Figure 5.13.

The effects of the progression of wear on cuttiogcds are reflected in the change of these

cutting parameters.
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Figure 5.12:Average cutting forces during the fourth nickel4@superalloy test.

Table 5.7: Cutting parameters for

Test # Feed Rate Surface/spindle speed Axial depth of cut
[mm/tooth] [m/min]/[rev/min] [mm]
1,2,3 0.25
456 | 0.025, 25 (501) 0.50
7,8,9 | 0.375, 0.05 0.25
10,11,12 50 (1002) 0.50
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Figure 5.13: Flow chart for determining tool weéeet on force coefficients.

96



The methodology, shown in Figure 5.13, for deteingjrihe specific cutting forces at the
beginning, middle, and end of the cutting pass fedewed and the chip area coefficient and
edge-effect coefficients were determined for midtippindle speeds and depths of cut over a
range of volumes of removed material [92]. Tool wazreases as the volume of material
removed increases. The change in chip area and-effigt coefficients with respect to the

volume of material removed is shown in Figure 5.14.
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Figure 5.14: Change in chip area and edge effegfficients with respect to volume of material

removed.
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The data in Figure 5.14 show that in general, e wereases, the normal and tangential
chip area components decrease while the normalaangntial edge-effect components increase.
The increase from the edge-effect components iatgrahan the decrease from the chip-area
components and, overall, the cutting forces in@eAs the tool wears, the effective depth of cut
decreases due to the cutter material that is beiaded away. Therefore, the force component
from chip area decreases. Also, as the tool wéaessize of the flank wear lan¥B) increases.
Therefore, more rubbing occurs between the cuttitge and the material, and the component of
the force that is attributed to the edge effectséases. These results indicate that the model can

be improved by incorporating the geometric chargfeke tool to account for tool wear.

New Approach for an Updated Model

A major component of this research is the modektiefines the behavior between the
physical aspects of the tool wear and the resufiinges. A proposed mechanistic force model

which includes physical tool wear parameters issgshim equation (5.20),

F(t)=Kkab(t) h+ Kk, L( 1)+ k VR D, (5.20)
where ks, ke, andkeyg are experimentally determined material specifiefioients, |, is the
length of the edge that is in contact with the mateandb andVB are the axial depth of cut and
size of flank wear, respectively, but are now fiong of time. The edge effects component is
divided into two new components. The edge lengtmmmnentk, |(t), essentially replaces the
edge effect component from the original model It ¢dge length is used in the place of the
depth-of-cut. The edge length adjustment is madaus® in the case of shallow depths-of-cut, as

in this research, more of the bottom edge is intawrnwith the workpiece surface than the side
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edge. In side milling applications, this is not tb@se and the depth-of-cut approximation is
appropriate. The edge length is also a functiotineé. This is represented by equation (5.21),
l(t) =l —2b(t), (5.21)
wherelgy is the initial edge length antb(t) is the change in depth-of-cut over time. The Klan
wear adjustment is made because as the size @attkewear increases, the contact area between
the insert and machined surface increases andribara of sliding friction increases. Figure 5.15
shows effect of tool wear on the edge contact aksathe tool wears the wear land increases,
resulting in an increase of contact aréB(t). The effective depth of cub) decreases as the tool
wears. Therefore, the component of the force widchelated to the chip area decreases. The
diameter of the cut made by an insert also chaagestool wears; however, this does not affect
the chip thickness that is cut during a rotationth# insert. This is because the change in the
insert size from one pass of a tooth to the nextsgnificant. Figure 5.16 shows the effect of
tool wear on the chip area. As the bottom and sfdée cutting edge is worn away, the depth of
cut decreases but the uncut chip thickness doesThetdepth of cut at tooth passs AL less
than the initial depth of cuby. The uncut chip thickness at tooth pads the same as the initial
uncut chip thickness because the wear on the raglinsignificant from one tooth passing to the
next. Figure 5.16 also shows the contact edgehetigis represented by the bold lines. The solid
bold line that represents to bottom of the insadt wraps around the side up to the initial depth-
of-cut is the initial contact edge length, and the bold dashed line represents the contige e

length at tooth pags
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|<—>| Workpiece
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Figure 5.15Wear progression in relation to the cutting action.

Figure 5.16: The effect of tool wear progressiorchip size.

The change in contact edge length is negligiblsylting in a constant force component.
It also becomes significantly smaller than the Klavear term. The true benefit of including the
contact edge length term is so that the edge coergarf the force is not zero when the tool is
new. However, this becomes negligible over time #&md term may be dropped from the
equation. The decrease in the chip area componenttine is small due to the small changes in

the depth-of-cut, but it is easily determined amglemented. The increase in cutting forces due
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to the increase of the flank wear is crucial t® ttésearch and to the modeling of cutting forces

for y'-strengthened nickel-based superalloys. Therefthe, flank wear component will also

remain. The resulting model is shown in equatiocBZh

(5.22)

F(t)=Kab(t)h+ KVH }.

To illustrate the changes due to tool wear as thkte to the forces, two plots are shown

in Figure 5.17 depicting the change in cutting éocomponents as the tool wears using equation

(5.22). The chip area component decreases by d amalint compared to the large increase in

the edge-effect component. Thus, there is an dvacikase in the cutting forces.
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Figure 5.17: Plot of model components when the i©¢h) new and (b) worn.
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Concluding Remarks

The mechanistic cutting force model for millingdapable of estimating cutting forces
when milling aluminum, steel, and nickel-based salb@ys. The calculation of new cutting force
coefficients, due to substantial wear after a nedhit small amount of material was machined,
illustrates the need for a new approach of inclgdhis rapid tool wear effect. A new model was
proposed, described, and justified with the evolutbf the specific cutting force coefficients as
the tool wore. The model is simplified for real ilmentation and the actual effects of the new

model changes are illustrated.
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CHAPTER SIX
VALIDATION OF THE NEW MODEL APPROACH

In this chapter, the tool wear estimations from Tl Wear Estimation chapter are
integrated with the new force model presented & Force Model Development chapter. This
approach addresses the effects of tool wear oingutirces. The wear estimates are generated
based on probe measurement data after each padsvéar is linearly interpolated between the
wear estimate at the beginning and end of a pdss.ifterpolated wear estimates are used to
calculate the cutting forces for an entire cutjpags. The wear estimates for each test are shown
in Table 6.1. The change in depth of cut was catedl from the wear estimate, using the tool set

station to flank wear correlation factsB.;, from the Tool Wear Estimation chapter.

Table 6.1: Improved wear estimates from Kalmaseffilt

Pass #| VB, [mm] | VB, [mm] | VB; [mm]
0 0 0 0
1 0.067 0.067 0.067
2 0.071 0.074 0.071
3 0.076 0.081 0.073
4 0.081 0.089 0.076
5 0.083 0.097 0.079
6 0.085 0.105 0.083
7 0.092 0.115 0.088
8 0.097 0.122 0.093

Since the model has changed and the cutting pagasnate different now than in the
previous testing, the coefficient values will différom the values calculated for thg-
strengthened nickel-based superalloy in the Foraaldé¥l Development chapter. The cutting
coefficients are intended to be independent ofiraygparameters but the reality is that there are

still influences from the operation which are netdxplicitly captured in the model and therefore
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the coefficients will vary. The effects from theduetion of the depth-of-cut as the tool wears
were small and therefore nearly negligible. Thushange in the chip area coefficients resulted in
up or down shifts in the magnitude of forces. Tla@K wear component drastically changes over
the duration of the test and has a significantotféen the slope of the data. The coefficients for
the updated model were determined by reducing ther detween the data and the model
predictions for the three tests. The flank weargedffects coefficient was adjusted to minimize
the error in the overall slope of the data while dhip area coefficient was adjusted in order to
minimize the magnitude of the force error. The niameefficients are shown in Table 6.2. The
forces in the z-direction were not modeled in thésv approach because there are additional
effects of the tool wear affecting those measurasmérhe notch which forms on the radial edge
of the tool at the top of the depth-of-cut causdditeonal forces in the z-direction which are not

captured in this modeling approach.

Table 6.2:Model coefficients for updated force model.

Coefficients [units] | Values
ko [N/mn?] 2200
Kne [IN/mm] 775
ke [N/mm] 4500
Kie [N/mm] 850

Results and Discussion

The normal and tangential cutting forces providéaddnat are always in the same
direction, as far as positive or negative, and ®\a clearly defined peak at maximum chip
thickness. In this research, the maximum chip thésls occurs at a 9@utter rotation angle, or

when the cutting edge of tool is aligned with thaxys. The force relationships in regards to the

104



cutting tool are shown in Figure 6.1. The averagd atandard deviation of these maximum
normal and tangential cutting forces provides apf#émmethod of condensing the data for
comparison purposes. Calculating average and sthrtaviation of the normal and tangential
cutting forces was accomplished by resolving thiteciangle from the force data, then applying
an axis transform. Once the normal and tangentiges had been calculated, a window of data
were extracted between 89.and 90.8 for each tooth engagement within the cutting data
between 8 mm and 59 mm travel distance and thésdatean and standard deviation were
calculated. The cutter was at full engagement betw&mm and 59 mm and there would be no
transient effects from entry into or exit from thwaterial. A similar method was performed in
order to condense the model data. The error barirplBigure 6.2 shows the calculated average
and standard deviation for the measured force aladathe average for the modeled data for each
pass within the first cutting test. The error bamgresent the deviation that occurs over the length
of a single pass. Therefore, Figure 6.3 and Figuteshow the same data for the second and third

cutting test, respectively.

Figure 6.1:Cutting forces in the normal (n), tangential (t), and y-directions.
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Figure 6.2:Comparison of average measured and modeled cdtiogs as a function of volume

of material removed for Test 1.
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Figure 6.3:Comparison of average measured and modeled ctttiogs as a function of volume

of material removed for Test 2.
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Figure 6.4: Comparison of average measured andletbdatting forces as a function of volume

of material removed for Test 3.

Overall, the model for the first and second testdrwith the measured data for each pass
except the third and fourth passes. The largesteperdifference between the modeled and
measured data was 32% for the radial force data #ie third pass of test 1 and 38% for the
radial force data after the third pass of testt easured wear data from the microscope reflect
a reduction in the wear rate for the early pas$dests one and two. The probe also detected a
change for these passes in the second test. Howthigewas not reflected in the filtered estimate
due to the high variance associated with the probasurements. Therefore, the filtered estimate
was essentially linear and this causes the erems i the forces of the initial passes. The pércen
difference ranged between 0% and 8% for both foozeponents in the last four passes of tests 1
and 2. The latter passes are the primary concemstomating subsurface damage because higher
cutting forces correlates with greater subsurfaa@abe and the highest cutting forces occur in

the latter passes.
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The model under predicted the cutting forces inlgiter passes of the third test. The
maximum errors were percent differences of 40% 8% between the measurements and model
estimation of the normal and tangential cuttingcés, respectively, after the eight pass. In each
test, a notch began to develop in the corner ofrtbert during the fourth pass. Figure 6.5 shows
typical corner radius and depth of cut notches o front, side, and bottom of an insert. A
comparison of the corner radius notch from thedwotbf the insert for the eighth pass of the
second and third tests is shown in Figure 6.6.Adteh is on the right-hand side of insert. There
is a noticeable difference between these two t@$iis. notch caused additional friction between
the insert and the workpiece as well as more plimggHue to a blunt cutting edge. This notch
was not detected by the tool-setting touch proleabse it was not on the bottom of the insert and
due to the geometry of the cut, insert, and stilwgas not feasible to measure the change in

radius.

Depth of Cut
Notch

O
(]

Corner Radius
Notch

Figure 6.5: Corner radius and depth of cut notches.
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Figure 6.6:Insert comparison from the eighth pass of the seteonl third test.

The average measured tangential cutting forces @nwdesponding 95% and 98%
confidence intervals are shown in Figure 6.7 withdel predictions for each test. The confidence
intervals represent the expected range of 95% &6t 88 the experimental results. Three test
replications were completed; therefore, the comiige intervals are determined from the t-
distribution with two degrees of freedom. The datahe figure show that as the tests progress,
the confidence intervals widen. This occurs becdoskwear is stochastic and is dependent on
the previous state; therefore, as the tool usageedses, there is more variance in its
performance. A similar variance is not observedhi® microscope measurements of the tool's
flank wear. The tangential cutting force model resties for the first pass of each test are not
within the confidence intervals of the measuremeimdicating that, with 98% certainty, the
model does not estimate the tangential cuttingefewaf the first pass. The model estimates for the
first pass are low because the edge componenteofotite model is neglected and the wear is
initially zero. Therefore, the model considers ithidal cutting forces for the first pass to be ynl
a function of the chip area component. After thstfpass, tool wear is significant and the model
estimates are all within the 98% confidence interso, most of the model estimates are within
the 95% confidence interval. Therefore, after thedei initializes, most of the estimates are

within the range of 95% of the measurements andnibdel is statistically significant.
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Figure 6.7: Statistical analysis of tangential iogtforces.

A similar analysis was performed on the cuttingésrin the normal direction. This data
is shown in Figure 6.8. The confidence intervalstfi®@ normal cutting force diverge rapidly after
the fourth pass. The difference between the upperlawer bounds of the 98% confidence
interval is 5 N for the first pass and 12 N for tbarth pass. This indicates good repeatability in
the process and experimental data for the iniaabps. A notch developed on the corner radius of
the inserts during the fourth pass of each test. dévelopment of the notch correlates with the
divergence of the confidence intervals. The comfideintervals are based on a sample size of
three. As discussed, the cutting forces for thelttést deviated from those measured during tests
one and two. More test replications are necessadgtermine, with a greater statistical certainty,
if the confidence intervals actually diverge insthmanner or if the third test is an outlier. In
addition to more experimentation, additional micaze images of the front and side of the insert
must be done to provide the data necessary to stagherthe extents of the effect of the notch on

the cutting operation. These are topics for futesearch.
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Figure 6.8: Statistical analysis of normal cuttiogces.

If tool wear is neglected, the modeled forces rentainstant and significant errors occur
in the latter estimations. This is shown in Fig@r@. The percent difference after the eighth pass
is 54% and 44% for the normal and tangential cgtforces, respectively, in test 1 and 62% and

47% in test 2. The new force model improves thérgyforce estimates by a minimum of 37%.
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Figure 6.9: Comparison of model without tool weampensation.

In order to demonstrate the model’'s ability to jxethe cutting forces on a micro level,
at the individual tooth passes, the model forcescampared to the measured forces for three
complete tool rotations in the first, fourth, arelenth pass of the first test. These comparisons
are shown in Figure 6.10, Figure 6.11, and Figufe 6or the first, fourth, and seventh pass,
respectively. The data displayed are from the pioigach pass when approximately 60% of the
material has been removed. The time displayed enxi#xis is the total accumulated machining
time for the entire test. As discussed in the bemkgd, machining time, distance, and volume of
material removed are all directly proportional tcle other. The x- and y-force components are
shown in the figures below for consistency withciplots shown in the previous chapter. The

model forces shown in Figure 6.11 for the fourtlsgdeviate from the measured forces by less
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than 10% even though the average model force wasrsho overestimate the measured forces
by ~30% in Figure 6.2. This is because the datavehin Figure 6.11 are closer to the end of the
fourth pass. The data which would show greaterrernear the end of the third pass or the
beginning of the fourth pass. As expected, basetheraverage force data, the model estimates
the experimental data within ~10% for the severtssp The same data for the other two tests are

shown in Appendix B with similar results.
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Figure 6.10Modeled and measured x- and y-direction cuttingderfor three tool rotations in

the first pass of the first test.
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Figure 6.11Modeled and measured x- and y-direction cuttingderfor three tool rotations in

the fourth pass of the first test.
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Figure 6.12Modeled and measured x- and y-direction cuttingdsrfor three tool rotations in

the seventh pass of the first test.
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Concluding Remarks

The wear estimations, from the methodology develdpehe Tool Wear Estimation and
Adaptive Tool Wear Estimation chapters, were appl@ethe new cutting force model, developed
in the Force Model Development chapter. This apgtoaas described in this chapter and is
shown in the flow chart in Figure 6.13. The reswitre compared to the measured force data.
The average modeled forces from the new model wihen 8% of the average measured forces
of the last half of tests 1 and 2. The deviatiorsvaa much as 62% with the uncompensated
model. The average modeled forces do not refleapal increase in the normal cutting force in
the last passes of the third test. However, thenasbn from the methodology and model
presented in this research was 30% closer to tlesuned forces than the estimate from a force
model that does is not compensating for tool wear.

The rapid increase in the normal cutting force wascluded to be because of a notch
developing in the corner of the insert. The nognat detectable by the probe and therefore the
wear estimations did not reflect it. As mentionedhie Adaptive Tool Wear Estimation chapter,
adding a power monitor to this methodology cangnait this problem. The power monitor is not
able to give any indication of the geometric changethe tool but it would be able to detect a
disturbance like the notch. The power monitor woalso not reflect the extent to which the
normal cutting forces are changing because thedlEpipower is proportional to the torque
required and the torque is a function of the tatigeoutting force. The Kalman filter provides a
logical platform for this type of sensor fusion hase the vectors and matrices in the
measurement equation are expandable to any nunibereasurement devices, so far as the
measurements are correlated with the states beitmgated. The generalized equations for this

implementation are discussed in the Adaptive ToeBWEstimation chapter.
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Figure 6.13: Flow chart for implementing the metblody presented.
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CHAPTER SEVEN
SUMMARY AND CONCLUSIONS

This research has methodically approached detamiainew cutting force model for
extremely difficult to machine materials, suchyastrengthened nickel-based superalloys. Due to
severe tool wear exhibited when machining thesenads, the cutting regime is never stable and
typical cutting force models are no longer validhisTresearch introduced new terms, related to
the effects of the tool wear, in the force equatiddorrelations were made between the physical
changes in the geometry of the tool and the sizlv@fwear land. These physical changes were
then measured with a tool-setting touch probe. pigcal tool wear model was developed and
used in correlation with the touch probe measurésngna Kalman filter to improve the wear
estimate as well as make it adaptive. An updatetinguforce model which incorporated the
physical changes to the tool as it wore was deri#guhlly, the improvements to the model were
shown to be valid by generating the estimationgdat experimental data and then performing a
comparison.

With knowledge of the specific cutting coefficienésreasonable starting estimate of tool
wear parameterd/g, andVB’), and a touch probe for measuring the tool’'s ckandength, the
wear was estimated, using a Kalman filter, withinr8 of the actual wear and the wear estimate
was used to estimate the cutting forces within §%he measured forces. The specific cutting
coefficients and wear parameters were empiricaflieanined and therefore dependent on the
specific test conditions. Therefore, in order tokenéhe model more robust, additional research
should be conducted in regards to establishing awladgebase for these coefficients when
machining under various conditions withjistrengthened nickel-based superalloys and to the

determination of these coefficients.
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Contributions

The contributions of this research are the:

e experimentation and adapted models for milling gastrengthened nickel-based

superalloys,

e use of on-machine touch probes for estimating \esr,

o use of Kalman filter for adaptive estimation ofltaear using touch probes, and

e improved force model addressing physical changéseitiool.
The primary contribution is the improved force miogteich provides an improved force estimate
for milling casty'-strengthened nickel-based superalloys. The usdoo€h probes and the
Kalman filter allows this methodology to be appliagprocess. The extremely low machinability
of they’-strengthened nickel-based superalloys puts theendlass where no milling research has
ever been done. Therefore, the experimentatioradagdted models are significant.

The use of on-machine touch probes to estimate w@alr is novel. There have been
research and industrial approaches to monitoringestimating tool wear on-machine; however,
touch probes have not been used for this purpdssbé&nefits of touch probes are low cost, ease
of implementation, current availability on many g@uoction machine tools, and the insight to
physical changes in the tool. The use of the Kalfiiter to provide an adaptive estimation of an
end-mill's tool wear via touch probes is also umiglihe Kalman filter provides robust tool wear
estimation utilizing on-machine measurements asd@ated uncertainty to determine an optimal
state estimate. The improved force model is unigitle regard to the method of accounting for
tool wear through the changes to the tool’s geogyndthis provides a better fundamental physical

understanding of the effects of tool wear on cgtfiorces.
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Impact of Research

Wear and forces are both critical in terms of sulase damage generation. Subsurface
damage is directly linked to component failurepamts made of superalloys. Thus, it is a primary
quality concern for the final manufactured produ@scurate subsurface damage models will
allow manufacturing process development times tweadese and first part acceptance to increase.
These aspects improve the manufacturer’s bottom iy decreasing manufacturing costs and
warranty costs. The improved part quality benetts end user because there would be less
missed defects from the factory and fewer failureoperation leading to, in regards to gas
turbines, more power generated for the end usee. [®Wer bottom line for the manufacturer
results in more capital for expanding and job doeatFrom a broader sense, government
sponsored initiatives are underway to group, charae, and relate materials and their properties
for the advancement of future material developmehhe vy'-strengthened nickel-based
superalloys are an advanced type of material asdakearch provides processing characteristics
of these materials which could be included as aathiterion when developing future alloys.

In regards to the immediate practicality of thisrkyaccurately estimating tool wear is a
problem that plagues many machine shops. Due tmé#fglity to accurately estimate the wear on
a cutting tool, tool life limits are commonly set @nservative levels and tools are changed
regardless of actual useful life. Therefore, cgttiools are not being used as efficiently as
possible. This research can have an immediate madt dmpact to the way machining is done
today. The methodology for estimating tool wear banmplemented using standard equipment
on most current machine tools. The adaptive esibmsiallow manufacturing personnel to utilize
tooling longer and efficiently. The plot in Figu@9 illustrates the differences in wear rates
between the cast-strengthened nickel-based superalloys in thigaesh and AISI 4340 Steel.

This plot illustrates that similar wear can be oled while machining other materials but it will
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occur over a much longer time (or after much moegemial has been removed) In addition to
these immediate benefits, the wear estimation eansikd to further refine other models, such as

the force model in this research and ultimatelysinesurface damage model.

Bounds of Applicability

The general forms of the models and the methodotddhis research can be applied to
the milling of any material. However, the specifimdel coefficients are empirical and are only
applicable to the material, tools, and cutting pager combinations presented in this research.
The coefficients which need to be determined fbeotnachining conditions are listed below:

e probe measurement to flank wear correlation fadtBge,,

¢ tool wear model parameteigB, andVB’,

e Kalman filter covariance matrice®, R, andP, and

e specific cutting force coefficients, .
The flank wear correlation factovB..,, is dependent on the type of measurement, measatem
location, and tool geometry. The logic for deteriminthe factor will be similar for a different
type of touch measurement and/or cutter geomettythauspecific relationships will vary. The
wear model parameters are dependent on cutter ialatutter geometry, workpiece material,
and cutting parameters. Therefore, experimentasorequired for the determination of these
parameters whenever one of these components charge&alman filter process covarian€g,
has the same dependencies as the tool wear madehgi@rs. The measurement covariafe,
depends on the accuracy of the measurement syStesrerror covariance, depends on botf
and R. The specific cutting coefficients depend sigrifidy on workpiece material and cutter

geometry but they are also dependent on cuttingnpetrers, as shown in Figure 5.14.
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The tool wear estimation assumes that flank wetitdsdominant wear type and that the
tool is wearing consistently on the radial and dottiedge. As discussed in the Validation of the
New Model Approach chapter, a developing notchlantbol’'s edge has a significant influence
on the cutting force output. Furthermore, the mezsents made on the bottom edge are not able
to detect the notch as it occurs above the cutiiogjs bottom edge. Therefore, this tool wear
estimation approach requires modification whendbminant wear type is not flank wear. It is
assumed that power monitoring will detect the depelent of the alternative wear types. The
power monitor will not be able to discern the sfieavear type that is developing as it does not
measure the physical aspects of the tool; howetveri]l be able to detect a disturbance in the
process which will indicate the development of eosel wear type.

The cutting force estimation assumes that the kaxdid tangential cutting forces are
influenced similarly by tool wear. The statistiGalalysis in the Validation of the New Model
Approach chapter indicates that the corner radimgmhas a more significant effect on the
normal cutting forces than the tangential cuttiogés. The ISO tool wear specification describes
the notch wear, as seen in this research, as zedaflank wear [29]. Assuming that the notch’s
VB is the maximunVB along the cutting edge, then estimatWi,,x and substituting it for the
VB term in the updated force model for normal cuttioges will reflect the effect of the notch

on the normal force component.

Recommendations

This research is the foundation for in-process rtsoddich will eventually lead to the
in-process estimation of subsurface damage frortingrilFigure 7.1 shows the components that
are necessary for achieving the in-process sulimidfamage estimation. The solid lines indicate

the components that were addressed in this reseBihehdashed lines indicate the components
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that are recommended for future research. Theviear estimation from power monitoring will
provide the ability to detect wear types, otherntlilank wear. The analytical wear model
parameter determination will reduce the amountesfing and data necessary to implement this
methodology in multiple operations. Cutting temperas are necessary for determining flow
stresses in the material during the cutting actiod will be used in conjunction with the cutting

forces to estimate subsurface damage.

_________________

Estimate tool i !
wear from ' wear from i
touch probes | !

__________________

Adaptive | Analytical wear
wear <---4 model parametey
estimation i determination i
i S 2N ,
Cutting force i cutting
estimation | emperaiure ,
i estimation |
| v
____________________ »,
N
»  Subsurface |
! damage !
i estimation |

Figure 7.1: Necessary inputs for in-process esionatof subsurface damage.
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Appendix A

Force Estimation Using Touch Probes

The radial cutting forces can be estimated throtinghcoordination of the tool-setting
touch probe and spindle touch probe measuremerder uertain circumstances. It must be
possible to assume that the cutting tool is thstls@ff component within the cutting system. The
spindle support, spindle-tool connection, and lggriwithin the spindle must form a structure
that can be assumed to be significantly stiffentti@ cutting tool itself and the workpiece and
fixture must be more rigid than the cutting tooheTcutting tool should be assumed to be a

cantilevered beam with constant circular crossisect

Tool Deflection

The contact force between the probe’s stylus aaddhbl is nearly zero. Therefore, tool
deflection should not affect the measurements mattethe tool set station. However, there are
significant forces on the tool during the millingppess. Therefore, tool deflection will affect the
dimensions of the surface left on the workpiece #rel measurements made with the spindle
probe. When the tool deflects, the insert thatnigagied in the material will make a deeper cut
than expected. This is depicted in the sketch guifei A.1. The example finite element analysis
data, in Figure A.2, reinforce this fact. This feelement data were generated in Abaqus and it
simulates a round bar that is fixed at the top iaraking deflected by a force applied laterally at
the bottom of the bar. This FEA example is a sifigtlicase but gives insight into how the tool
may deflect under load. Average force data wasntdkem the machining trials run on the

machine and input into the simulation.
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Figure A.1: Sketch of tool deflection while cutting
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Figure A.2: Example results from a finite elememidation.

125



The standard beam deflection equations found inraaghanics of materials textbook
show that, for a cantilevered beam of lengjthwith a load at the free endPj the maximum

deflection at the free end(n.y is represented by equation (A.1),

Oy max = i (A.1)
ST '
and the angle at which it is deflecte#).{) is represented by equation (A.2),
P L
=X, A2
o = (A-2)

where E and | are the material’s Young’'s Modulud #re bar’s area moment of inertia.

It is assumed that the rest of the spindle setupush stiffer than the tool and that tool
experiences the most deflection. Under this assempinly tool properties need to be known. In
this experimental setup the tool diameter is 158imd and therefore the area moment of inertia
is 3118 mri. The tool stick-out lengthL] is 65 mm. The deflection can also be calculated v

equation (A.3),

, (A.3)

y,max

x|<o

by knowing the stiffness in the y-directiok); By equating equations (A.1) and (A.3), it can be
determined that the stiffness can be representedjbgtion (A.4),

K, =% . (A.4)

The stiffness in the y-direction was determinedegipentally by pushing the bottom
corner of the tool against a workpiece which wagissly mounted to a force dynamometer. The
forces were measured by the dynamometer and tliespmnding displacements were recorded
from the machine tools coordinate read-out. THénsts in the y-direction was determined to be

6.4 MN/m. Using the area moment of inertia and kstiat length of just the tool, the
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experimental Young’'s modulug) is calculated to be 188 GPa. This is a reasonafiee for the
steel tool.

By assuming that the z-deflectiod,( at the centerline of the tool does not change
significantly, a simple relationship between z-defion at the radius of the toal.) and the
applied load can be determined. This assumption deiermined to be valid through FEA
simulations. A simulation was completed with anungorce of 400 N, which exceeds the
maximum forces recorded during any of the tool weats. The z-deflection at the centerline for
this case was 0.1pm, a value that may be considered negligible amdefbre the following
derivation is valid.

By combining equation (A.2) and (A.4) the easilytetmined experimental stiffness

value can be used in the angle equation as sholew lie equation (A.5),

P
gmax = E_V . (AS)
2 LK,
Using trigonometry, equation (A.6),
: . [3 R
5z,radius: Irtool SIn(gmax) = r.tool s'{zi} L (A6)

can be derived. Since, the calculatgg, is in radians, the sine of this angle should Heutated
appropriately.

Since deflection increases with cutting forces amtting forces increase with tool wear,
as the tool wears the tool deflection will becomeater, causing the cutting depth to increase. In
the same time, the cutting depth decreases duectease in the length of the tool. Therefore, the
measurement with the spindle probe will be smalhem the measurement with the tool set
station. This relationship can be written as shawequation (A.7),

ASP=AL,, -7, (A.7)

Jradius”
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whereALqy is the tool length measurement made with the sebilstation andSPis the change

in the depth of cut which is measured with the digmprobe.

Combining equations (3.4) and (AVB can be written as shown in equation (A.8),

1 [ 3P,
VB:[tan(W)—tan(/ls)J[ASP+ Lol S”{_ZL_kyD : (A.8)

Force Estimation

Using the equations derived so far and the chamguich probe measurements the force
on the tool could be predicted. Singkr, is the measurement made with the tool set station
(ATS, equations (A.7) and (A.6) can be combined angesbfor the force. This rearranged

equation is shown in equation (A.9),

P =sin1(ATS_ASFj[2ka] . (A.9)

Y ool 3
Results and Discussion

The force dynamometer recorded force data in the/-x-and z-directions. The spindle
probe measurements were made along the path #hatetiterline of the tool traveled as a pass
was machined. This correlated to the instance whercutting edge was aligned with the y-axis
(9C cutter rotation). Therefore, the forces pushinghmntool in the radial direction were simply
the y-direction forces. From the tooling and cugtparameters, the entry angle for a tooth was
resolved and this was correlated to the force ftataach pass. With the cutter angle data, a
window of force data around 90vere averaged and the error bar plot in Figure Wk
generated. Figure A.3 also shows the estimatiothisf force based on equation (A.9). The

connected points in Figure A.3 represent the aeradial force at 90of cutter rotation, while
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the error bars represeatsingle standard deviation about the ave
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Figure A.3:Error bar plot of -direction forces with estimations from probe anis

It can be seen ikRigureA.3 that the estimated force valuesm probe measurements
each pass except the first and last fall withinrale standard deviation of the average fc
measured with the dynamometer. It is expecteddimller amounts of tool wear will result
inaccurate measurements by the ps due to the resolution of the probe measuremdaihis.
will be discussed further in secti0. One of the cutting inserts fractured within tlegenth past
This explains the decrease in average cutting $oaoel the large andard deviation as well as
decrease in the eighth pass. The failure of therinsaused the corner to chip away in
unpredictable manner. Therefore, the calculatios m@ able to estimate the forces from the

pass.
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Appendix B

Model Results for Each Pass of Tests 1-3

Test 1
The modeling results are compared to the measuatad fdr each pass of the first tool

wear test. These results are shown in Figure Bdugh Figure B.8.
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Figure B.1: Modeled forces compared to measurexkfofor the first pass of test 1.
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Figure B.2: Modeled forces compared to measurezkfofor the second pass of test 1.
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Figure B.3: Modeled forces compared to measurezkfofor the third pass of test 1.
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Figure B.4: Modeled forces compared to measurezefofor the fourth pass of test 1.
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Figure B.5: Modeled forces compared to measurezkfofor the fifth pass of test 1.
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Figure B.6: Modeled forces compared to measurezbfofor the sixth pass of test 1.
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Figure B.7: Modeled forces compared to measurezkfofor the seventh pass of test 1.
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Figure B.8: Modeled forces compared to measurezbfofor the eighth pass of test 1.

Test 2
The modeling results are compared to the measwatdfdr each pass of the secon tool

wear test. These results are shown in Figure Bdugh Figure B.16.
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Figure B.9: Modeled forces compared to measurezefofor the first pass of test 2.
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Figure B.10: Modeled forces compared to measurex$ofor the second pass of test 2.
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Figure B.12: Modeled forces compared to measurexéofor the fourth pass of test 2.
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Figure B.13: Modeled forces compared to measurexsofor the fifth pass of test 2.
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Figure B.14: Modeled forces compared to measurexb$ofor the sixth pass of test 2.
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Figure B.15: Modeled forces compared to measurenk&ofor the seventh pass of test 2.
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Figure B.16: Modeled forces compared to measurexofor the eighth pass of test 2.
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Test 3

The modeling results are compared to the measwatdfdr each pass of the secon tool

wear test. These results are shown in Figure Bulotgh Figure B.24.

y
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Figure B.17: Modeled forces compared to measurexofor the first pass of test 3.
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Figure B.18: Modeled forces compared to measurex$ofor the second pass of test 3.
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Figure B.19: Modeled forces compared to measurextfofor the third pass of test 3.
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Figure B.21: Modeled forces compared to measurexsofor the fifth pass of test 3.
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Figure B.22: Modeled forces compared to measurexofor the sixth pass of test 3.
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Figure B.23: Modeled forces compared to measurex$ofor the seventh pass of test 3.
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Figure B.24: Modeled forces compared to measurexb$ofor the eighth pass of test 3.
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Appendix C

Kalman Filter Matlab Code

The Matlab code used to implement the Kalman fileertool wear estimation is shown
below. The inputs are the measurements from thlestostation, TS _meas, in mm, volume of
material removed per pass, Vol_MR, in frhe change in tool length to flank wear correlati
factor, VB_TS corr, and the initial wear model paeters, VB_dot_init and VB_init. The

outputs are tha posterioriestimates of tool wear, VB_apo, for each passiwdlgiven test.

TS_meas=Meas_TS_T3; %[mm] Measured change in tool | ength
Vol_MR=146.1; %[mm~"3] volume of material removed in a single pass
VB_TS_corr=10; % VB|deltaL Correlation factor

%% Start of Tool Wear filter

% first a priori estimate of rate of VB change
VB_dot_init=3.48E-05;

% first a priori estimate of VB
VB_init=5.78E-02+(VB_dot_init*Vol_MR);

% Setup equation coefficient matrices
A=[1, Vol_MR; 0, 1];
H=[1/VB_TS_corr, 0];

% Setup covariances.
Q=[36, 0; 0, 0.01]; % Process covariance
R=400; % Measurement covariance

%lInitialize a posteriori estimates of the P matrix and x vector
P=[49, 0.0002; 0.0002, 1e-8];
x_apo=[VB_init; VB_dot_init];

% Initialize vectors for Matlab
VB_apr=zeros(1,length(TS_meas));
VB_dot_apr=zeros(1,length(TS_meas));
VB_apo=zeros(1,length(TS_meas));
VB_dot_apo=zeros(1,length(TS_meas));

%Run filter

for i=1:length(TS_meas) %for each length measuremen t
X_apr=A*x_apo; % Calculate a priori estimate o f states
P_apr=A*P*A'+Q; % Calculate a priori error cova riance

z=TS_meas(i); % initialize z

K=P_apr*H'/(H*P_apr*H'+R); % Calculate Kalman g ain
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X_apo=x_apr+K*(z-H*x_apr); % Calculate a poster ior state est.
P=([1, O; 0, 1] -K*H)*P_apr; % Calculate a post erior P

% Transfer state estimates to appropriate varia bles
VB_apo(i)=x_apo(1);
VB_dot_apo(i)=x_apo(2);

VB_apr(i)=x_apr(1);
VB_dot_apr(i)=x_apr(2);
end

% Calculate a posteriori change in tool length.
del_L=VB_apo./(VB_TS_corr*l);
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Appendix D

NC Program for Tests

The numerical control (NC) program used to condlettool wear tests is shown below.
The comments describe the actions taking placadit step through the first pass of a test. After
the first pass, the steps are repetitive but iredudhere for completeness. The machining
parameters, rotational speed, axial depth of cot feed per revolution were specified as
variables in the beginning of the code. The toads witially measured by the tool set station and
the tool length was maintained for the entire td3te subsequent measurements for data
collection were temporarily stored in an unused tiftset variable and written to a text file on
the machine’s controller. A second work coordinsgstem was defined for positioning the tool

over the microscope. The microscope was removeidglthie tests to avoid damage from coolant

spray.

ROT=1002 (Rotational Speed of cutter, rpm)
DOC=.250 (Axial depth of cut, mm)
FD=0.1 (Feed per revolution, mm)

(Specify coordinate system 96, 0,0,0 at front, top, left corner
of workpiece)

NO010 G15 H96

(Open file for writing the tool setter data)
FWRITC MD1:TWEARAJH-T1.CSV
(Write header information)

PUT 'PNT'

PUT ",

PUT 'R [mm]'

PUT ",

PUT 'H [mm]'

WRITE C

(Setup Tool)

G56 H22 (Specify tool length offset of cutting tool , 22)
(Call subprogram for measuring length and diameter of cutting
tool 22)

CALL 09857 PB=3 PD=15.875 PT=22

(Write measurements to file)

PUT 'Actual Meas'
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PUT ",
PUT VTOFD[22], 7
PUT ",

PUT VTOFH[22], 7
WRITE C

(Pre-Meas)

(Measure and write tool length and diameter three t imes)
(Store measurement values in an unused tool offset location)
CALL 09857 PB=3 PD=15.875 PT=65
PUT '0a’

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '0Ob'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT 'Oc'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

M1

(Position the tool for Microscope measurements)

G15H72 (Specify coordinate system for measurements)

GO0 X=0 Y=0 (Move to x and y positions)

GO0 Z1000 (Position z at maximum point away from mic roscope)
M19 RS=45 (Rotate cutter to 45deg for measurement)

M1 (Optional Stop)

GO0 Z0 (Bring z into position for measurements)

M1 (Optional stop for acquiring pictures)

GO0 Z1000 (Move z to maximum postion)

M19 RS=225 (Rotate tool by 180deg for second insert )
GO0 Z0 (Bring z into position for measurements)

M1 (Optional stop for acquiring pictures)

GO0 Z1000

M1 (REMOVE MICROSCOPE to avoid coolant damage)

G15H96 (Specify coordinate system for testing)

(Pass 1)

G95 (Specify feed in mm/rev rather than mm/min)

G56 H22 (Specify tool length offset of cutting tool , 22)
M3 S=ROT (Turn on spindle at specified rotational s peed)

M8 (Turn on Coolant)
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GO0 X1.5625 Y-15 (Rapid to x and y position for firs t pass)

Z2.5 (Rapid to z position above workpiece)

G1 Z=-DOC F=FD (Feed to depth of cut at specified f eed rate)
Y74.938 (Feed to back of part to machine material)

M9 (Coolant off)

GO0 Z300 (Move tool to maximum z location, away from workpiece)
G94 (Specify feed in mm/min for tool set station me asurements)
M1 (Optional stop)

(Position for Microscope)
(Repeat previous procedure)
G15H72

GO0 X=0 Y=0

G0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!! )
GO0 20

M1

GO0 21000

M19 RS=225

GO0 20

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

(Repeat method of measuring tool length and diamete r
CALL 09857 PB=3 PD=15.875 PT=65
PUT '1a'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '1b’

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '1c'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

M1

(Pass 2)

(Repeat machining pass for second location)
G95
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G56 H22

M3 S=ROT

M8

GO0 X11.0625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '2a’

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '2b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '2¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 3)
G95

149



G56 H22

M3 S=ROT

M8

GO0 X20.5625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '3a’

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '3b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '3¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 4)
G95
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G56 H22

M3 S=ROT

M8

GO0 X30.0625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '4a’

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '4b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '4¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 5)
G95
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G56 H22

M3 S=ROT

M8

GO0 X39.5625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '5a’

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '5b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '5¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 6)
G95
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G56 H22

M3 S=ROT

M8

GO0 X49.0625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '6a’

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '6b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '6¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 7)
G95
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G56 H22

M3 S=ROT

M8

GO0 X58.5625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '7a'

PUT ",

PUT VTOFDI65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '7b'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFHI[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '7¢'

PUT ",

PUT VTOFDI[65], 7

PUT ",

PUT VTOFH[65], 7

WRITE C

M1

(Pass 8)
G95

154



G56 H22

M3 S=ROT

M8

GO0 X68.0625 Y-15
Z2.5

G1 Z=-DOC F=FD
Y74.938

M9

GO0 Z300

G94

M1

(Position for Microscope)
G15H72

GO0 X=0 Y=0

GO0 21000

M19 RS=45

M1 (BE CAREFUL WHEN LETTING THE TOOL COME DOWN!!!! )
GO0 z0

M1

GO0 21000

M19 RS=225

GO0 z0

M1

GO0 21000

M1 (REMOVE MICROSCOPE)
G15H96

(OTS MEAS)

CALL 09857 PB=3 PD=15.875 PT=65
PUT '8a'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '8b'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CALL 09857 PB=3 PD=15.875 PT=65
PUT '8c'

PUT "

PUT VTOFD[65], 7

PUT "

PUT VTOFH[65], 7

WRITE C

CLOSE C (Close tool setter measurement file)
M30 (End Program)
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Appendix D

Force Modeling Matlab Code

The Matlab code used to calculate the cutting festénates is shown below. The inputs
are the specific cutting coefficients, change iolteength to flank wear correlation factaa,
posteriori wear estimates, and a structure element that iosntle parameters for the test. The
parameters structure includes the tool diametéa) ard radial depths of cut, spindle speed, feed
per tooth, number of cutting teeth, a vector ofeutotation angles, and a cumulative time vector.
The vector of cutter rotation angles is a repeatealy from O to 180. It represents the angles of
each tooth and the values correlate with the timéhé time vector based on spindle speed. A
travel distance ratio is calculated and used terpdlate between wear values for any instance of
time. The outputs of this code are the normal amgential cutting forces as well as the x and y

cutting forces.

kn=2200;
kne=775;
kt=4500;
kte=850;

VB_TS_corr=10;
VB=[0, VB_apo];
del_L=VB./VB_TS_corr; %[mm]

% Get test parameters from a TestParams structure

d_tool=TestParams.d_tool; %Get the tool's diameter [mm].
DOC_r=TestParams.DOC_r; %Get the radial depth of cu t [mm].
DOC_ax=TestParams.DOC_ax; %Get the axial depth of ¢ ut [mml].

S speed=TestParams.speed; %Spindle Speed for the te sts [rev/min]

feed=TestParams.feed; %feed rate [mm/(tooth*rev)]
Nt=TestParams.N _t; %tool’s number of teeth

T_theta_comb=TestParams.theta; % Cutter rot. angle vector [deq].
time=TestParams.time; %vector of machining time [se c].
fori=1:8

% Calculate beginning cutter rotation angle
theta_s=acosd((DOC_r-d_tool/2)/(d_tool/2));
theta_e=180; % Ending rotation angle is zero
% Create the logical 'g' vector.
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% This will dictate if the force is calculated or not.
g=zeros(length(T_theta_comb),1);
g(T_theta_comb>=theta s&T_theta_comb<=theta_e)= 1;

% Calculate a ratio for the distance traveled a t any

% given instance of time.

trav_ratio=(time-time(start_index(i)))./...
(time(end_index(i),1)-time(start_ind ex(i),1));

curr_VB=trav_ratio.*((VB(i+1)-VB(i)))+VB(i);

curr_del_L=curr_VB./VB_TS_corr;

%Calculate the uncut chip thickness.
h=feed(i).*sind(T_theta_comb).*g;

% Calc. the normal force edge component due to tool wear.
F _n_edge=kne.*curr_VB.*g;
% Calc. the tangential force edge component due to tool wear.

F_t edge=kte.*curr_VB.*g;

%Calculate the normal force for each tooth.
F_n=(kn*(DOC_ax-curr_del_L).*h).*g+F_n_edge;
%Calculate the tangential force for each tooth.
F_t=(kt*(DOC_ax-curr_del_L).*h).*g+F _t edge;

%Translate the normal and tangential forces to x forces

F_x=(F_t.*sind(T_theta_comb)-F_n.*cosd(T_theta_ comb)).*g;

%Translate the normal and tangential forces to y forces

F_y=(F_t.*cosd(T_theta_comb)+F_n.*sind(T_theta_ comb)).*g;
end
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