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Abstract

Tool wearhas a major impact on the productivity, economics, and sustainabilityetal machining
operations. Whilghe topic of tool weahas been studied extensively for conventianatal cutting
processes, like milling, turning, addlling, there is a scarcity of studies in literaturensodeling and
predictingtool wear in gear machining operatio@ears on the other han@dre essential components
for a vast array of engineered systems, like automotive, aerospacarimustransportation vehicles,
robotics, automation, and general machin@tys thesishas targetedeveloping a framework for the
study and prediction of tool wear in the gear shaping operafear shaping is amortge most
versatile methodsf cutting gears.

In-house experiments were desigraedl performedo replicate the gear shaping process oraais

milling machine. The kinematics wereodeled,and eistom NC code was generatadd validated

using polygonsubtractions, to ensure that a gear shaping cutter would accurately produce a gear
workpiece.The testing conditions were designed considering the physical capabilities of the machine
tool, and the utilizatiorof digital simulatios of the gearcutting operation via ShapePro software
(previously developedt the University of Waterlop}hat predicts thkinematics, chip geometry, and
cutting forces As suchspecimen gears were produced from AISI 121l steel using HSS (high
speedsteel) cutter material'he cutting edgeand flanks of the toavere imaged throughout the tests

to monitor the development of wedn. the envelope o€utting speeds and feed rates that could be
tested, only minimal wear was obseryadd this was concentratatithe cutting tooth tips and corners,
consistent with the prediction from ShapePro that thegiens are subject to the largest chip thickness
and longest distance of workpiece material Slévertheless, these tests have demonstratqatdoé
of-concepffor performing shaping tests aptbgressively imaging the tool edges for wear. Future tests

should focus on performing the cuts at maggressive speeds and feeds to induce discernable wear

To facilitate rapid characterization of tool wear for different workpiece and tool material pairs,
analogy testing method was also develoge@n interrupted cutting operation on a lathe, designed to
mimic cutting conditions similar to those in shaping. With this approach, a broader set of cutting speeds
and feed rates could be exploierdhemachiningof a similar kind of material (cold rolled 1020 steel).

In this case, using HSS tooling brought practical limitations (e.g.,-lquikdge) thusthe tooling

materialwas changed to carbide. Neverthelesseasonable variation of cutting conditions could be



implemented and tool wear progressidata as a function of cutting distance (and time) be

documented.

This data has informed the development of a progredsisad tool wear model for predicting flank
wear in interrupted cuttingvhich is presented as a new contribution in this thEsisblished tool life
models,such asTaylor and Coldingcan predict the cutting time required for reaching onlingls

value of tool flank weanvhereas the proposed model can be used to predict when different values of
tool wear would be reached without requiringcedibration. More importantly, the proposed model

can ke integrated insidatime-domain simulation cdninterrupted cutting operation, like gear shaping

in order topredict and update the wear state along each node on the tool edge, which classical tool life

models cannotachieve as t hey are 6tunedbé to predict the

The proposed model, as well as Taylor and Colding models, were benchmittkedspect to the
experimental wear data collected across 12 different cutting conditions, and they all performed
comparably in predicting tool life, with averageadictionerrorsof roughly21%-249%, thus indicating

someconfidence in the proposed new maodel

Futureresearch should focus on collecting further data, both in gear shaping and analogy orthogonal
testing experimentgp ensure further repeatability of the data, as well as validating toat wear

model calibrated using the lower cost and faatelogy experimenstanindeedpredict thedistribution

of tool wear progression in the much more complex gear shaping opertitinermore, it is also
advised to expand the wear modelpi@dict uncertainty bounds along withe tool wear values
themseles and to expand the study into the machining of different kinds of metals, with different tools

substrates and coatings.
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Chapter 1

l ntroducti on

1.1 Tool wear development and wear prediction  in machining

As tooling isa necessary componeantmachiningprocessesdegradation of the cuttingol through
repeated usddol weaj is unavoidable. Fometal cutting operationshe appearance of wear on the
cutting tool can have a major impact on the progestentially causingub-par surface finish owhen
pushed to extremesrrors in dimensional accuracy of the produced workgidgepending on the
cutting processthe dominantwear mechanismappearing on the tool variesith degradation of the
cutting edge (flank wear) being the focus of this stWdkile the cosiof tooling as a percentage of the
total processcosts can range from 494] for traditional manufacturing and up 8% for gear
manufacturind?2], tooling has the potential impactthe procesgconomicghroughmachinedown
time, scrapped workpiecesr premature tooling failurg8]. The ability to predict the progression of
wearto optimizeprocess parameters arubl replacemenfior both economi@and process efficiency is
pivotal inmachiningprocess desigrshould the tool be replaced or resharpaneéarly, unnecessary
downtime may be created/hile late replacement has the potentiatamiseworkpiece scrappage or
tool failure One such method of tool liferediction isusingtool life models such as the Taylor or
Colding modelcreated tgredict the cutting timaeeded to reach a weaiterionunder a set of process

parametersHowever, in the context of digital machining applications, whbkeecutting mechanics

and tool wear progression must be simulated concurrently, such tool life models are not useful and there

is a need to develop a progressimsedvearmodel.

1.2 Thesis objectives

The goal of this thesisas beeo studyand predicthe development of flank wear on gear cutting tools
that occurs during the gear shaping procksthis contextthe subobjectives of this thesis have been
to develop ammnalogy testing methotb obtain wear data in a cesffective manner, on a lathie an

accelerated manner, and to devedapovel wear progression modedhich can be incorporated into

time-domain simulationalongside process mechanics, of various interrupted cutting operations,

including gear shaping.



1.3 Thesis layout

In Chapter 2a literature review is presenietiscussing the backgroukdowledge an@ssessing the
state ofexisting researcin studyingtool wearand gearcutting Commonly encounteretbol wear
typesare reviewedwith the most commonplace being flank wédre chapter also reviews established
tool life models created to prediche cutting time at which a tool will reaeprescribed weavalue
However, their usehas not been widely extended dear manufacturing due to the complex and
constantlychangingin-processcutting conditionsin gear cutting While somestudieshave been
performed this area isunderdeveloped when compared to other cutting processels as milling,
drilling, or turning and undereported in literature, possibly due to commercial reasons.

The development of a gear shaping experiment is describ€tapter 3 Shaping is an interrupted
cutting process in which a tool in the form of a modified gear is igspbduce a gear workpieCehe
process consists tiree feed movements: reciprocating motion creating a cutting stroke, rotary motion
creating a meshing of the workpiece and fomlfiles (similar to meshing gearsynd finally a radial
motion changing the centr®-centre distance until the workpieteeth arecut to full depth. As a
dedicated shapingachinewas unavailabléor cutting trials the shaping process was performed using
aDMU Deckel Maho 80 P HDyn (five-axisCNC machine)Custom NC code was developed to mimic
the kinematics of shaping within tleapabilitiesof the machineand validatedising a gear cutting
simulation softwareShapePraleveloped at the University of Waterlomlfgyon subtractionvas used

to validate that programmed toolpaths would ultimately produce the correct gear gebimatiy;.the
experiment was performed while documenting the appearance of wear on the cutting tool across a series
of trials for implementation into a towlearmodel.Various techrgal challenges were encountered, but

nevertheless, the preof-concept of the methodology was achieved.

To expedite the collection of wear data frootting processes, analogy testsdevelopegdrecreating
similar conditionsto the actual shapingrocesswhile developing wear ishorter time perioden the
tool, thus requiring reduceithancial and timeinvestment Chapter 4documents the development of
the analogy test with the goal of reproducingear shaping wear through interrupted orthogonal
turning. The processwvas designedand testedmatching and expanding on the cutting parameters in
Chapter 3Dueto theappearance dfuilt-up edge on the cutting toglhetesing had tocontinueusing
alternate (carbide) tooling instead of higireed steel (HSSPue to this changehe wear obtained

between the two processasuld notbe comparedt this time Nevertheless, the method established a



framework for future studies with matching materidlee wear collected from the analogy tests

usedto identify a progressiehased tool wear model, which is both more general than standard Taylor
and Colding tool life models, and can also be integrated alongside cutting mechanics sinitiation.
predictions of the proposed new model were also benchmarked, successfully, with Taylor and Colding
models in terms of predicting tool life.

Finally, Chapter 5conveys the main conclusions drawn from this research and future work
recommendations.



Chapter 2

Literature Revi ew

2.1 Introduction

In machiningtool wear is one of thisnportantfactors determining the productivighd economicesf
acutting processHigher throughput frornthe operatiomemands higher cutting speeds and fetels
which typically acceleratgthetool wear degrade part dimensional accuracy and surface quading
increasethe cost of tooling by necessitatiagargernumber of tool replacement&ra given number
of parts.To be able to optimize productivigndcost, the modeling and prediction tobl wear has
been a continual area@search imachining particulaty for widely used conventional processes like

turning, milling, and drilling.

Gears, as mechanical transmission elements, are indispeimsaiaay industries and products, such

as automotive (including-eehicles), aerospace (e.g., in new generation geared aircraft engines), as
well as general machinery and automation components (e.g., geared servaddhesmonic drive
gearboxes}4]. In the field of gear cutting, the kinematics and chip geometreesignificantly more
complexthan conventional cutting processagitool wear studies ammainly conductedoy industry;
particularly tooling supplierandmachine tool manufacturerSherefore only limited literatureexists
presenting tool wear data fgear machiningrocessefb]. For examplewidely acceptednodels that
predict toollife (i.e., usable cutting duratiosuch as Taylof6] and Colding7] are, in the best of the
aut hor 6 s k appliedexetsivelyin thae gear cutting literaturdoreover in the pursuit of
capitalizing on digital simulatianfor gear machiningy bui | ding 6digit al t wi
[8], it is important to develop not just tool life models, blsoexpressions that accurately predict the
incremental progression of wear along discretized portiontheofutting edgesbased on the local

cutting speeds, feeds, and wear stétat can be computed and updated in the simulation environment

The following sectionsn this chapteestablish theelevantbackgrouncknowledgeand stateof-the-
art in cutting mechanics, tool wear modeling, gedr machiningwhich will be referenced and used
to developpreliminary studies to investigate tool wear in ggapingChapter 3, and a ew tool wear

model presented in thikesisthat predics thetool wear progression incrementafighapter 4.
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Section2.2reviews basiorthogonal (2D) and oblique (3@utting models in terms afrientationof

the cutting edge with thespect to theutting velocity. A general review of tool wear mechanisms and
models is presented in Sect@i3, along with standardizezhd/or best practiqarotocols for measuring
tool wear Section2.4reviewsmainstreangear cutting processes aaskociategeometric, kinematic,

and cutting force prediction modetscently developed

While cutting forces typically do not appear as direct mathematical termstablishedool wear
models, they do contribute to thermal energy dissipation and therefore temperature increase at the chip
and tool interfaceThis can affect how the tool materiahnd/orcoating and the workpiece material
interact withone anotherImportantly, an ovearching objective of this thesis is to develap
elemental tool wear model which can be integrated inside a comprehensive simulation platform that
holistically predicts the kinematics, uncut chip geometry, relative velocities, cutting famegpart
surface location errors (i.@gsultinggear tootlerrorg, as well aghe gradualprogression ofool wear

(and consumption of tooling liféh the course o gear machiningperation As suchmanyof the

internal variablegccessiblavithin a simulation, such as relative cutting velocities, chip thicknesses
cutting widths,and cumulative length of material cutayfeed intosuch a toolwear modelfor
predictirg thelocalized tool wear at each point along the cutting edges in gear macl8nictgmodels

can facilitatemore realistic prediction andptimization ofgear machining operationshich will
facilitate bettetbalancingof the productivity, part qualityandoverall economicef the processSuch

models can also be used in designing gear machining for better sustainability, by mitigating material,

labor, and energy waste.

Section2.5 presents tool wear studiésr application to gear machining. As gear cutting is complex,
with access to specializegkear cuttingmachine toolsand cuttersbeing costly, researchers have
developed analogous testing operatioising conventional machiningrocesss, like turning and

milling, to gathesufficientdata and insighthatcan be reasonably extrapolatethétterunderstading

tool wear in gear cuttingsuch examples are providedSection2.5.2 There have also been studies in
which gear machining operationgredirectly utilized to generat®ol weardatg as well as providing
thenecessary configuration and boundary conditions for numerical studies such as the Finite Element
method. These are covered in Sec2dn 1l Overall, looking atheexisting literature in tool wear and

gear machining, there is a scarcity of progressiased tool wear model¢hich can be used to predict
gradual tool wear in the presence of varying cutting conditions along different portions of complex

cutters Working toclosethis gap has been tipgimary motivation of this thesis.
5



Finally, the chapter concludes in Secti@® with a summary of findings, indicating hothe
background knowledgi@aformstheresearch stefgsllowedin this thesis.

2.2 Basic (orthogonal and oblique) cutting models

Machining processesan beanalyzedusing basiccutting modelsto predict geometry kinematis,

forces, as well as various interactions between the cutting tool and workpiece. Depending on whether
the cutting velocity is perpendicular to the cutting edge or is at an inclinatienFigere 2.1),
elementay cutting models such as orthogonal cutting and oblique cutting can be used to analyze the
chip formationand machining forcesn 2D and 3D, respectivelBy discretizing thecompletetool
geometry into small cutting edge segments, selelmentarymodels carthenfacilitate the overall
analysisand simulationof a wide range ofmore complexcutting operationslike turning, drilling,

milling [9], and gear machinirfd0] [11] [12]. Suchsimulations perfornthe calculation olocal cutting

velocity vectorsandchip geometriesyhich canalsoinform tool wearprogressionmodels

The orthogonal cutting model is showrFigure2.1 (a) where he cutting edge is perpendicular to the
cutting velocity[13]. It is assumed that theutting forces are evenly distributed across the cuddyg,
andtheir summations arexpressed abe tangential forcé@) in the direction of the cutting velocity,
and the feed forcé@), in the direction perpendicular to the cut workpiece surfeséensive stués
have been performeih developingempirical and analytical modedsming to accurately replicate the

experimental observations from the orthogonal machining configuifd#gn

, N Chip-flow angle

Rake face Ve
>, G SR 4.5
Chip | Tool
N 7 1k ;
AN I
i N[ /7 \
i O [/ ) Flank face
RS2 0 Y A
Workpiece F s S A<
~ 7= My A \
L -
o P= Fy _Cutting edge
“~ inclination angle
a) Orthogonal cutting geometry b) Oblique cutting geometry

Figure 2.1: Orthogonal (a) and oblique (b) cutting modelsAdapted from [9].
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An extensiorof orthogonal cutting is the oblique cutting model segure2.1 (b), in whichthecutting
edgeis orientedat an inclination angle’® [9]. With the inclination the process becomes three
dimensional, leading to the flow of thatchip along the rake fa@ an angl®f —, denoted as the chip
flow angle. In addition t6Oand™O, there is a force component in the third directiGnreferred to as

the radial forceA typical example of oblique cutting frequently encountered in industry is helical end
milling, in which the helix anglef the cuttingtool causeshe cuttingedge to be inclined at arblique

angle with respect to the (tangentialittingvelocity along the edge of the cuttds].

Considering the basic cutting model geometrieFigure 2.1, the rake faceis thetool surface that
directs and influences the flow of the newly formed chiporthogonal cutting,hte rake surface is
defined by the rake angle, and in oblique cuttingyy both the rake and the inclinatiamgles. The

rake face geometry and surface characteristige Aanajor influence on theutting forces and heat
generationduring the cutting procesfl6]. Larger rake angle typically helps reduce the machining
forces and powerequirement butan weaken the tool by reducing the load bearing geometry. The
friction between the rake face and chip, which is influenced by the tribological properties of the rake

surface, has an adverse effect on increasing the required machinind9prces

The flank facedefined by the flankor clearanceangle( ), is a relief surface that provides clearance
between the cutting tool and thewly cut portion of thewvorkpiece. Should the flank angle beaer
rubbing between the tool and workpiece ocgclarsering tool life andincreasing heat generatifi6].

This contactalso leads to degradatiofithenewly cutsurface Similarly, wear of the tool on the flank
surface increasdbfe contact area between the tool flank and machined surface, mimicking a limited
zero flank angle regiqrwhich is both detrimental to part quality and accurddyerefore, wear of the

tool flank must be monitored arabntrolledwithin acceptable bound#n fact, the monitoring and
control of flank wear is among the most widely practiced methods in industry for determining cutting

tool life.

2.3 Tool wear mechanisms and models

During a machining operation,the cutting tool is subject to forces thermal loads and
tribological/material interactions with the workpiece material fanchedchips, which in combination

leads to thedegradtion ofthe toolduringits use Tool wearis caused by a variety ofiechanismsnd
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factorswhich influencethe tool wearin varying degreesr’he most commorcauses of tool weare:
abrasbn, adhesion, diffusion and oxidatif8]. Extensive stui@shave been conducted itool wear to
predicttheuseful cutting timethe progressiorof wearusingdifferenttool life models andto slowthe
wear progressiothroughbetter tool design and coatinggshelpminimize tool replacement®hrough
this knowledgeprocess planneisan optimize cutting operation®ne important note is thaddl life

models function best when interpolating daftithin earlier observedr recorded experimentabses
andare not particularly accurate in extrapolating to conditmmsgearcriterionoutsideearliertraining

measurements

2.3.1 Tool wear types

Tool wear can be classified into different types depending olotiagionof thewearon the too] as
well as thedominant mechanisfg) governingthe progression of weafl histhesisfocuses onabrasive
wear in the form oflank wear as it was found to be the dominant wear typthe performed cutting
experimentdiscussed irthe latter chapterLrater weais also discussed to lanited extentin the

following section

Chip

Crater
— wearon
rake face

Crater depth

!

Cutting
edge

Cross-section AA

Figure 2.2: Crater wear and chip flow across rake face of cutting tod9].
Flank wear

Flank wear isa form of wearcharacterized by a progressive growth of wear lgred, wear zone)

starting from thecutting edgegrowing down the flank facasshown inFigure 2.2. Flank wear is

typically caused by abrasion between the tool @ricsurface of thevorkpiece[9]. As the wearone

grows the areain contact with the workpiece increasesapping removed particlesthat further

acceleratavearby acting as cutting gritThe growth of flank wear cdre sloweddown usingcutting
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lubricants thadissipate heat away from th@ol and workpiecdlush thetrapped particlesandreduce
thefriction between theubbingworkpiece and tool flankurface417]. Flank wear affects the cutting
process through its influence on the usable life of the Wblenprogressedo extremesit can also
influencethe surface finisk18] and geometric accuracy tife produced workpiecedue to itseffect

on the tool geometrylank weatypically takes the form dd series of parallel grooves in the direction
of the cuttingvelocity [19]. An example of flank weamaged by thauthorcan beseen inFigure2.3,

showingthe wear starting at the top of the tool (rake face) and growing dovwodiéefiank face.

Figure 2.3: Flank wear observed ona carbide insert during interrupted testsconductedin this
thesis

The growth of flank weatypically follows athreezone progressiqras seen irFigure 2.4. Zone 1
showsarapidgrowth of wearfrom the initial tool statgypically a clean tool with no discernable wear
The secondary zone show®ady growthalong a gradual trendypically linear Fnally, a rapid
progression of wearan be seeim the third zongcontinuinguntil the tool reaches failuf®]. Failure
of the cutting tool cammccurin a variety of waysDepending on the use caseme common failure
modes arechipping of the cutting edgeshattering of the tooplor the flank wear exceeding a
predeterminedhaximumwearcriterion(w 6 ). The choice of the flank wear liméfurther discussed
in Section2.3.2
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Figure 2.4: Three zone cutting wear progressiot9].
Crater wear

Crater wearsometimes calletake weayis aform of wearthat develop®n the rakdaceof the too)
as seein Figure2.2, creating a divobn therake faceAs atool is usedand a chip is generatematerial

is exchanged between thekefaceand the chighroughbothfriction and high temperature material
diffusion, indicating it is caused by a combination bbth abrasive and diffusivgprocesseg9].
Similarly to otherforms ofabrasive weaiprogression can be slowedingcutting fluidsand coolants
that reducethe friction. Diffusive wear is influenced by local temperatyrasth higher rates of
diffusion occurring at higher temperatures. By lowering local temperatures through recluiting
speeds and feed rates by the application oflubricantstoolans, diffusive wear can be slowda0].
Othersdutionsto lowering diffusionarethrough thechoice ofworkpiecematerial tool substrateand

tool coatings

The pogression of crater wear can alsoelxacerbatethrougha phenomenon known asilt up edge

(BUE) seen inFigure 2.5. BUE occurs whercut chipsseizeon therake faceand cutting edgef the

tool through adhesiarnThis build upmodifies the effectivéool geometrycreatinga false edgevhich

performs the cutting action instead of the fosl edgeaj9]. The cevelopment obuilt-up edge is

causedvhen the coefficient of friction between tool and workpiesdegh, resulting in an initial build

up of stuck materialShould the cutting speed safficiently low, the chip material layersvill seize
10



due to cold workwith the locatemperaturéeinginsufficientto cause reduction of hardnessading
to agrowing mass of materig21]. As theoperation continues and tB& E grows it becomes unstahle
breaking off from the tochnd removing tool substrateith the stuckon material Many alditional
factorsaside from cutting parametearsayalso affecthe developmenof BUE, such astool geometry
(size of edge radius, rake angle, clearance aagkbsharpness of cutting edgeandthe workpiece

material[22].

Figure 2.5: Built up edge(circled in red) on the rake surface ofa turning tool.
Other typesof tool damage

While crater and flank wear atlee mosicommontypes of wearthere arether types ofool damage

Oneof themis dipping that results in a ks of material on the tool edge, usually causedobge

impacs on the toolduringinterrupted cutting9]. Similarly, shattering of the toas another form of
damagetypically classified as a larger loss of matetfen chipping and #otal failure of the tool

There are also other types of cutting tool damage, such as oxidation wear, thermal cracking, and
notching. Further information on these can be foun@3j, [24], and[25], but thesewear typesare

not the focus of this thesis.

2.3.2 Tool life models

Empirical wear models typically known as toolife models have been developetith the intent to
predict thecuttingtime at which a tool will reach@re-specifiedamount ofvear, usuallyas anaximum
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flank wear valugw 6 ). Themagnitudeof @ 6 is choserconsideringthe potentialflank wear
may have on thinishedsurfacecharacteristicand desiredgeometric precision of thfanal workpiece
[26]. Once the tool has reachedtivearcriterion, the usedooling may be reground to reveal a new

cuttingedge

The mainfactor influencingthe toollife ("Y, typically measured in minutes the cutting speed
Typically, highercutting speedsesultin lower tool life, andlower cutting speeds itongertool life
[27]. Using tool life models process plannersan optimize and adjust thecutting conditions

influencing tool replacemeittervals to optimize cost and productivity.

Tool life modelsare calibratedisingmeasuredvear data and the cutting parameters used in each trial
Once hemodel constantare determinednterpolationcan beused to estimate todife for different
cutting conditiongvithin an envelopelhe parameters remain valid for the tool and work mateadd
andchanging either requirgbetool life modelto be recalibratedith furthertests Different tool life
modelshave beerproposedimproving onearlier works, typically by modifying the mathematical
expressiorand expanding theumber ofparameters to be identified

Tay !l orlifesnodelo o |

First proposed by F.W. Taylorin 1907 .a y | o rlifé squatiampoedictsthe cutting timg™Y required
for the flank wear on &urningtoold sutting edgeo reacha prescribed weatriterion(w 6 ) for a
given cutting speef ) [6]. Initially applied for predicting tool life isontinuous cuttingT ay | or 6 s
life modelhas beemppliedto a large range afuttingprocessesvaryingthe data used faralibration
Tayl or 6 s Iifa model carabe sednobg.[(2.1) consideringonly cutting speed and cutting
time while incorporating twditting constantst and® . An extended modehs showrin Eg. (2.2),
adds consideratiorof the uncut chi@reaby incorporating depth of cuty ) and feed rat€Q, with the
addition of model constantsandr]. Furtheradditionsincorporate the Woxeaquivalent chip thickness
model| shown inEg. (2.3), to the Taylor model shown I&q.(2.4) , replacing the feed and depth of cut
terms Wo x e agb@iwalent chip thickness is introdudedmore accurately calculate th@eragechip
thickness across theol nosewhile consideringthe tool geometrysuch as the nose radids)(and
major cutting anglell) [28]. The major cutting anglé can be seen ifigure2.6 as well as the

comparison between the real uncut chip geometry and the simpglifigdeometry.

12
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Figure 2.6: Uncut chip geometry comparison between real and simplified.
Colding tool life model

The Colding tool life mode] created by Bertil NColding is a toollife modelthat includesmore
constants tham ay | or 6 s t ®[@]] to facilithte monecadcarhte predictioHowever, the
increased number of constargguiresamoreexperimental data for model calibratjé@adingto higher
cost andime spentfor tool life prediction The firstmodel proposedoy Colding carbe seen in Eg.
(2.5) in the form of an extended Taylor type equati@hered is calibratedas a lookup tablefor a
range of feed valudsased o) (theequivalent chip thickne3proposedy Woxenwhile| represents

a model constanf29]. Later developments introduced a nine constant mduelwasafterwards
simplified to a five constanimodel,as presented irEq. (2.6). This model predicts the recommended
cutting speed(( ) for a target cutting time"{ as tool life.This simplification helped achieve better

balance between accuravel life prediction andheinitial investmento collectcuttingdata The five
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constants in this model atg 0, U , 'O and0, and the variables amitting speedu ), cutting time

('y;andWox ends equi valQnt chip thickness

Later developments by Lindstrom et @placel the model constants and| in Eq.(2.5) with linear
functions of' Q, asshown inEq. (2.7) [30]. Afterwards,Kantojarvi et al presengd the relationship
between Lindstrom et @l Bnear constantmodel Eq. (2.7) andColdingd sodelconstantEq. (2.6),
concludingthat theColding model is an extension of the Taylor mofd] and a special case of

Li ndst r o.midisyelatioastie islerived in detaiin Appendix C

oY a8 @9
.. 1T 0
V) Qwy ——— U ol 1Q 1| 14 (2.6)
T0
Q| |1 TQ
(2.7)

While the Taylor and Colding todife models aranostused additionalwearmodelsexist thatmay

also be applied to cutting operatso®ne such model is the Archard sliding weendel[32], developed

in 1953 describing thevolume of material removed when two surfaces slide againstother. The

wear volume is found to be proportional to the applied load and sliding distance while inversely
proportional to the material hardnestowever oversimplificatiors in the modekuch aseglecting
sliding velocity andhe lack ofmodel constantsestrict the applicabilityn diverse wear conditions

[33].

2.3.3 Tool wear progression models

Tool life models while beingusefulin industry, havehe drawback thaheyare onlyable to predict
thecuttingtime, at a given cutting velocitygt which a tool will reach a predetermined westerion
Should this weacriterion be changedthe model would need to be recalibrated with a new dataset
corresponding to theewcriterion While used to a lesser extemtear progression models have been
developed tancrementallypredict thegrowingwear and generatendsin wearprogressiorover the

life of the tool They can be utilized regardless of changes in the evéarionvalue (as long as it is in
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the gradual wear envelope of the tool) and are also practical for accommodating changing cutting
conditions throughout the use of the tool.

An examplecan be seen in thveear modeproposed by aakso et al[34], wherea logitbasedunction
is used tgredictwearand modelvear datdollowing thecommonly seethreezonewearprogression.
In this mode] the function isscalel from the initial wear to the maximum wear acrosstda life as
determined using #&ool life equation such as Taylor or Colding modeland calibratedusing a
LevenbergMarquardt method to determittee model constantd helog functions used cdme seen in
Figure 2.7, progressing from the base lbdunction "Qw to a shifted version"Qw , and finally a
normalized functiofQ that is used in the wear mod&he value ot is chosen to avoid numerical
problems due to tH€®w assuming unhmded values whem Tandw p. The weafunctionw 0 0
that incorporates the normalized and offset logit funciido can be seen i&q(2.8), whereo
represents the overall tidie. crepresents the initial wear amoutis an exponentiatonstanthich

controls the smoothness of the transition (increasipgedicts slower build upf wear)

6
4 f@) = log+—
2 g(x)
h(x) g(l—mn)
0 ¢ | _____-_—J*”"';;
........................ ___f__d_d____,,_-.u———"
= g(x) = f(x) = f(n)
2 /
-4
0 0.2 0.4 0.6 0.8 |

Figure 2.7: Scaled and shiftedogarithmic (log) models used in thd.aakso et al wear

progressionfunction Laakso et al.[34]. Used under aCC-BY-NC-ND license

woo ® Q— w o W (2.8)

15


http://creativecommons.org/licenses/by-nc-nd/4.0/

In addition totool life and wear modkhg, in-processtool condition monitoringis another ara of

research. An example of suclan be seen in Surmann et [@5], relating spindle torque to tool
condition Asthetool conditiondeteriorats, the spindle torque offset increagdue to increased tool
fl ank pl oughi n gequiringatigbedtgroue to cumateriadwdhén,compared to a new

tool. In previous work the tool was replacedfter a certain cut distance regardless of dhting
operationleading to inconsistently worn toolkistead,a tool conditionvaluei — is introduced

relating theoffset of the cutting force to a visual inspection of the &ltbwing prediction ofwear
based on the fordaput. Throughthe monitoringof the force offsef{from the spindle motor current)

in-processut indirectmonitoring of thetool wear statavas reported

2.3.4 Standardized m easurement of tool wear

To ensure consisteapplication of toolife andwear modelsstandardized methods have been created
for the measurement and documentation of tool w&& 3685 fi ©ol-life testing with singlepoint
turning tool® providessuch ameasurement and documentatitameworkfor turning including a set

of testing parameterfsr a range of tool and workpiece materjals well axlassificatiormethods for
wear appearing durintpe cuttingoperation36]. When measuring flank weaghe measuring devide

in this case a digitahicroscopeis placed perpendicular to the flank capturing an image focusing on
the cutting edge. Once capturélte wearlandis measured perpendicularly from the rake face of the
tool to the location of highest wear or largest wear land. To ensure accurate measucafit@ation

of the field of view is performed equating
measur ement usi ng Gimilar weandanaacteridgasonfranmw\iorksy havee heen
developed foother cuttingoperations as welkuch adSO 86881 [37] and ISO 868& [38] for tool
wear in milling While visualmeasuremerdf wear is most commoother techniquesanalsobe used

One such example can be seen in Polishetty. 3| where a3D optical profilometer was used to

document flank and crater wear of worn tooling

2.4 Gear machining processes and models

The production of gearcan be achieved throughrange ofmanufacturingnethodsfrom subtractive
processedike hobbing, shapingand power skivingseen inFigure 2.8, to forming processedike

stamping and extrusioto additive processesuch as casting and powder metalluy#f)]. To enhance
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productivity and efficiencynew processeasnd improvements to existing meth@uale continually being
developed41]. The focus of thishesisis on developing tool wear simulation modelsdear shaping
Shaping which islike a broaching operation with involute tooth profile generative motion-ioyiis
widely used in the production of geatsis especially suited for cutting spur or helig#ernalring
gearsin which the geometric clearances for the tool motion are very linfitekinematics of shaping

is less dynamithan ofhobbingor power skiving, which makes this process also suitable for being the
first to incorporate tool weasimulation Nevertheless, for completeness, in gveceedinga brief
review ofthe threemost prominengear cutting processes (shaping, power skiving and hobitsing)

presented.

Axial feed

Gear hobbing Power skiving Gear shaping

Figure 2.8: Basic overviews of three gear cutting process@2].

2.4.1 Shaping

In gearshaping,a cutting toolin the formof a modified geawith matchinggear mrameterof the
desiredtooth profile of the workpiecémodule pressure angleand helix angleis used The tool
reciprocats vertically, removing material from the workpiecehile at the same timthe workpiece
and tool rotatsynchronouslyhrough a rotary feed actipemulaing the rolling of pitch circleasseen
in Figure2.9 [43]. As the process continugkecentreto-centreradial distancés reducedfor external
gears) or increased (for internal gedre)n a startingsafedistance to the finaxisto-axis offsetfor

nominal gear tooth meshing geattsus satisfying the cuttindeptrs specifiedby themachiningpass
parametersBoth internal and external gears can be prodwgddshapingas well as helical gea(m

addition to spur)by rotating the tool during the cuttimpwrstroke.
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Figure 2.9: Diagram of the gear shaping process for internal and external geafd3].

During each cutting strokenly a small section of the tool is in contact with the workpidce the
process continuedue to the rotary feed motiptine sectiosin contactvary around the cutter profile
which createsontinuouslychangingcutterworkpieceengagemeriCWE) conditionsThe complexity
of the CWE also makdheestimation othechip formationmore challengingjespite constant cutting
procesparameterswhichrendes common chip formation modeiisapplicable Therefore Erkorkmaz
et al.[10] have employed discrete geometric modelirging a tridexel geometric engindo compute

thedynamicCWE, as well as the constantly evolving workpiece geometrgn efficient manner.

2.4.2 Power skiving

Power skiving is a highlproductivegearcutting process capable pfoducingspur and helical gears
bothinternaland externalas long as there recessaryool clearancé44]. During the cutting process
seen inFigure2.10 a), atool resembling an involute gemr oriented at an angle from the workpiece
(the crossaxis angle ) and fedat a constant velocity along theaxis of the workpiecéhe axial feed

0 ). The tool and workpiechothrotate creating a cutting motioproportionalto thecrossaxisangle
andthe relative rotatiofil1l]. As passes are cuhe radial distance is decreasgdr external geardp

remove more material until the workpigeeth arecut to full depth45].
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Figure 2.10: Schematics ofa) power skiving process[46], and b) gear hobbing process[42].

2.4.3 Hobbing

Hobbing isa gearcuttingprocessitilizing complex kinematics in which a specially formed tool (hob)
resembling a modified worm geds,used tauttooth gaps on eotatingworkpiece[44]. A schematic
illustration of the gear hobbing process is showRigure2.10b). The hobis held at an angleo the
workpiece(the lead anglewhile the hob and workpiece are rotawghchronously The hob is fed
vertically alongthe z-axis of the workpieceremoving materigprogressivelyfromthec ut  dgoetla r 6 s
gaps[12]. While it is a higlty productivemethodof producingexternalgears hobbing cannot be used

to produce internal gears. Alghye to the complekinematics and chip formatiotool wear anautting

forces arechallenging to model and predict

244UW06 s i nt eegrrcatinge simulation platform - Shape Pro

Digital simulation ofcutting processshas become large focus oktudy, allowingprocess planners to
simulate manufacturingoperationsand optimizeparameterswithout needing to physically run the
process. ShapePro & software package developed by the Precision Contral®ratoryat the
University of Waterlopproviding digital models for gear shaping, hobbiagd power skivinglt was
developed through trentributions okarlier graduatstudents with the goal to simuldkekinematics
and mechanics adear shaping43], hobbing[12], and power skivingl1]. In these simulationsni

processonditionssuch aselative movements between the tool and workpieltip,geometry, cutting
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forces, and deflections due to static mechanical complianeegoredictecat eachtime step[47].
Integrating these predictions with a discrete geometric modeler facilitates the prediction of the final
gearprofile, as well as geandtooth imperfectionsin a virtual environmentn this thesisresearch
ShapePrdnas beemsed to simulate the gear shaping procesgdating kinematics anensuing that
thedesigned cutting processs feasibl@nthe available machin®ol at the University of Waterloo,

used in theshapingexperiments The gear shapingxperimentonducted in this thesis adetailed

and discussed irChapter 3 A sample ShapePro simulation can be seeRigure 2.11 showing a

simulated shaping process.
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Figure 2.11: Screenshotof ShapeProgear cutting simulation software. Left: Visualization of the
tool and workpiece. Rght: Cutting force prediction.

2.5 Tool wear in gear machining studies

While less frequentigtudiedcompared to othenachiningmethodsjnvestigationof tool wear in gear
cutting is increasingly gaining attention. This growing focus emphasizes the optimization of cutting
parametersvith the goal ofenhaning economic efficiencyia the optimization oftool life. The goad

are to maximize the usable lifespan of tools, ensure the production ofghigjity workpieces,
minimize errors, and boost throughpMthile some wear analysis data is publicly available, it is

speculated that companies retain significant amounts of propridégyto retain acompetitive
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advantage. Among the research reviewed by the author, the majority focuses on gear hotdbing,
documentation on wear analysis and testing methods for gear shaping and power skiving remains

comparatively scarce.

Across researglthe approachtowardsapplication of weadata varies witrsomeapplying toollife
equationssuch as the Taylor or Colding modetsdetermine trendsased ormutting parameters while
others draw conclusionga analysis of theneasured wear data. Whiteethodologiewary, the testing
remainsthe samewith cutting experiments being performaddmeasuing thewear appearing on the
tool. Some studies alsotilize analogytestingmethodsto accelerate weagrowth while recreating

similar cutting conditionsvith a more affordable process

2.5.1 Tool wear studies directly from gear cutting process

Tool wear studies for gear cutting processes often employ consistent testing methods to obtain cutting
data, but theneasurement arghalysis of wear dateanvary. The process typically involves cutting

tests across a range of parameters. During these tests, the tool is periodically removed to measure the
wear that has developed. The specific type of wear being assessed and measurement techniques used
depend orthe dominant wear mechanidimat is presentFlank wear is commonly monitored, as it

significanty affects thedimensional accuracy arfichal quality of cut gears

In modeling wearbasic models are preferred that have been wistelgiedand accepted. Typically,

the model will use amallnumber of constants capturingainly the most significarfactors Such an
approach has been used iR} et al [48], where a Taylor model using cutting speed and lenfjth
materialcut was used toharacterize thol wear of a gear hob. Mooemplextool life models such

as the Colding or Archard modlate rarely used due to the large amount of testing required to calibrate
the coefficientsin the case of Colding or the requirement for in process data in the case of Archard
Complex geometrybased models have also been applied effectivmly require a more in depth
analysis of the cutting process seen in Ren et #9] . This approach ialsodifficult to adapt to gear
cutting, due tothe constantly changing cutting conditiosiginating from the complexity of the

kinematics and changing chip geometry

Wear models implementing finite element analysis (FEA) to simulate the removal of material have also
been proposed butare typically reserved for when process simulation model, describing the
kinematics and geometry, is availablénis can be seen in Kamratowski et[&0], where BevelCut

software was used to discretize the tool and workpiece geometry while a fiased model was
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developed and validated using hobbing tests. Similarly Karpuchewski[&tpUtilized a hobbing
analogy tesalong withFEA software AdvantEdge to simulate chip formation and the development of
crater wear. Once a wear modetalibratedit can be usetb optimize themachiningparameters.

While empirical weamodels can badoptedthey are not the only method fgear cutter weanalysis
andoptimization Inspection and analységpproachesanalsobe applied to gathered cutting d&va

drawing conclusions This can be seen in Gerth et[&R] in which visual inspection of the toulas

used to analyze wear progressiarhile surface finish of the final pawere used to analyze the
condition of thetool and success of the cutting paramet&inilarly in Kihn et al[53], visual

inspection of the toolvasperformedto gather wear data of the cutting tools. The wear trends were
compared across varying feed rates and cutting speeds. The measured wear progressions were used to
draw conclusions from analogy testing data and the cutting paranieteleest satisfiethe goals of

the process planningereimplemented intahegear cuttingoperation

2.5.2 Analogy testing to recreate gear cutting conditions

Analogy testingnethods areommonplacén which an alternativecutting method isised to replicate
the conditions seen in the proce$dénterest.These tesihig methodsare employedh tool wear testing
to reduce the monetary costy/ accelerating the growth of wear on a cuttingl, reducing the time
needed to readihhewearcriterion Analogytesting methodallow testing to be performeah alternate
machineswithout interfeing with part productionand enables testing amachinesconveniently

equipped witlresearchinstrumentation

Gear hobbing analogy tests can takege of forms with each test having distinct advantages and
disadvantages as shownSitein et al[54], wherethreecommonanalogy testhave beertompared
These analogy tesisclude planar or side milling with inserts, fly hobbing within aa%is maching

and fly hobbing within a hobbing machin® commonality across these testgshe use of a single or
small number of cuithg inserts or teethlhis technique caalsobe seen in the analogy telgveloped

by Gerd Sulze whereatoothis separatedrom aproductionhoband mounteavithin a gear hobbing
machine using apecially made fixturgs5]. The modifiedtool is then useih a gear hobbing operation
andshifted between cute recreate altutting positiongut by the original hablhis technique can be
seenperformedby TroR et al[48] in Figure2.12 for studyingwearin dry hobbing of hard materials.
Throughthis modified operatiorthe cutting time and volume of material removed from the workpiece

is concentrated ta single tooth reducing the total numbearf workpieces needet reach thevear
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criterion This testing method can then be repeated for the chosen range ofarttimgters,educing
the total experiment time as well as the number of nelesied. Alternative methods are also used as
shown in Gerth et al52], in whichthe wear ora milling insert test is compared to the wear progression
of a hobbing operatigrand found to successfully recreate the wear seen in traditional hobbing.

T Crater wear
(KT)
TF

RF

LF: Leading flank

f,: Axial feed rate v,: Cutting speed TF: Trailing flank
n,: Tool rot. speed v;: Tangential speed RF: Rake face
n,: Workpiece rot. speed T: Tip

Figure 2.12: Experimental setup of a hobbing analogy test using a single cutting toot{a) Work
space of gear hobbing machine LIEBHERR LC180, (b) magnification of fhcutter including
direction of motions, (c) fly-cutter nomenclature [48].

Another recentlgeveloped analogy tegsses a lathe and a specializeatkpiece holdeto recreatéhe
interruptedcutting conditions seen bearshapingwhile a modified gear shapeutteris used in place

of the lathe toolingasseen inFigure 2.13 (cited from[53]). The shaping tool has been modified
removing teeth to provide adequate clearance when cutting into the worl4sdbe. process begins
the tool is fed radially into the workpiece removing material from the work@Eadereating tooth
gaps. Once the gaps are cut to full defith cuteris shifted axially to the position of the next gap and
cutting can resume. The tool is also removed periodically to measure the growing toditweagh

this processmultiple tooth gaps can be datster with the same tooth edges, thus allowing tool wear
to be induced in shorter testing times. However, this cutting process isesemblant of broaching,

as itdoes not recreate tlgenerativaneshing action typically seen gear shaping.
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Figure 2.13: Interrupted turning gear shaping analogytest Kihn et al. [53] Used under aCC-
BY-NC-ND license

2.6 Conclusions and outlook

This chapter has reviewete literatureon basic cutting mechanics, tool wear types (measurement,
characterization, and empirical modeling), gear machining configurations, and characterization of tool
wear in gear cutting and related analogy testsil&\tool wear models have been implemented in gear
cutting the focus has been amnainly gear hobbing with comparatively less researehorted in
literaturefor shaping and power skivingperations Furthermorein wear prediction, tool life models,

like Taylor or Colding, are much more commonplace than wear progression models, which can be more
suited for digital simulation. Hence, the surveyed literature has identified a knowledge gap in
developing progressioype models and applying them to gear cutting operations. In this thears,

shaping is choselior study, as it is one of treasier generative gear cuttipgbcesseto model.

Henceforth, the surveyed literature informs the testing protocol developed for gear shaping, presented
in Chapter 3s well as tool wear measurement methods. Furthermore, it infoenpgogressive tool
wear modeled developed a new contribution i@hapter 4f this thesis, as well as the comparison of

results with established Taylor and Colding tool life models.
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Chapter 3
Gear ShBgpaVegr Testing

3.1 Introduction

The goal of tis chapterhas beerto reproduce the gear shaping prooesisgthe available machine
tool at University of Waterlooandto collect wear datdirectly fromshaper cutter® be used in wear
analysis To complete tlesegoak, a shaping experiment was designed &idormed using five-axis
CNC machineas a dedicated gear sirapmachinevas not available for us&o perform theshaping
movements within the available machinastom numerical control (NC) code was creatsidggear
shapingkinematicsmodelledby previous studentss a baseThegear shapinginematicfeed motions
weretransldedinto movementschievable in th€NC using a custom MATLAB scripand output as
a series of discrete movemeaaimmandseadableby the CNC controllerAdditional modifications to
the chosen machine includedcustom mounting systesrfor both tool and workpiecéo provide
appropriate clearance during the cutting stspiie well as rigidly mouirig the tool iio the machiné s

spindle.

While the machine could accurategproduce the shapimgocess, agerified by ShapePro simulation
and polygon subtractiothere were clear limitationsriginating from the machinthat restricted the
process. These limitatiomgerethe maximum feed rate in tleaxisof 10 m/minas well as dack of
rigidity in the machine axes and spiadit was found thatvhen highforceswere appliedexcessive
deflection andin extreme cases loss of tookotationalpositionoccurreddue to theappliedtorque
overmming the spindle brakeTo overcome these errors a maximatowableforce of 700 N was
selectedDue to the machine limitationthe cutting process was split irbgyhtpassesesulting in a
long process timandlimiting the number of experiments that could be performkegthermore, when
comparing the workpieces to an ideal profitavas found that theroducedworkpieces were of low
surfacequality.

3.2 Gear shaping kinematics

Gear shaping isreinterrupted cutting procegerformed in a specializemlittingmachine consisting of
threefeed movementgadial feed &élteringthe distance between tool and workpiecegiprocating
feed ¢uttingfeed of the tool in th& axis) and finallythe rotary feedof the tool and workpiecabout

theirZ axisas shown irrigure2.9 [43]. Thekinematicprocess can be describidoughfour variables
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theangleof the cutteféo, angle of thevorkpiece%. , radial distanceetween tool and workpieceand
finally the vertical position of the cutteseen inFigure3.1. Through the cuttingprocessthetool and
workpieceprofiles mesh while the radial distance is reduced until the specified depth dfcutis
reachedDuring these movementthe toolis reciprocated removing material from the workpiece with
each downward stroke.

Z MCS: Machine Coordinate System

TCS: Tool Coordinate System
7 WCS: Workpiece Coordinate System

External Gear

MCs

Y - Tool

Internal Gear
=

Mcs

Workpiece

Figure 3.1: Coordinate systems of the gear shaping process. Katz et (6]

As mentioned earlier, sinaccess to a dedicated gear shaping machine could not be sshagdg
experimentswere performedon a Deckel Maho 80 P idyn five-axis CNC milling machine In
implementing thixhangethe shaping kinematicenodelledfrom a traditionalgear shajpg machine
in work performed by previous studentgas used as a basis and modified to suit the machime.

traditional gear shapinghe tool and workpiece mestynchronouslythrough the procesat the
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specifiedgearratio Y. However the availableCNC machinewas unabldo synchronizéhe angular
positioning of theool and workpiec€C axis and spindle positioninsteadtheangularpositionof the
tool waslocked,and the meshing action was performeihgmodified kinematicsachievableon the

machine This changand thekinematics used further explained isection3.2.4

3.2.1 Reciprocating Z axis feed

The reciprocating motion of the tooltimditionally created by a slideandcrank mechanisrto move
the toolvertically on the slider arras the crank turng'he length of strok@ shownin Eq.(3.1),

is a function of the face width of tiygearworkpiece(c) as well as the ovain distancéoth almve and
below the workpiecéQ andQ , respectively The cutting stroke frequenc® is defined in
units of double strokes per nuite (double strokelescribingone cutting stoke and one return stioke
Alternatively,the cuttingstroke frequency can be defined in engineering wfitadians per secoriay

1 as seetn Eq.(3.2).

Q aa Q w Q (3.1
i 0wQ oY ¢*
1T = Q. S (32)
i aQeor

To prevent rubbing between the tool and workpiece during the return ,seraligiht back off is
implementedchanginghe radial distancbetweerthetool and workpiecen the return strok&Vhile

this backoffmotion isnot been included ithe abovequationsit has been implementéuthe modified
kinematicsand programming of theNC codeas a safety radiug ) outside thecurrent ceng-to-

cente distance Depending on the specification of the gear workpiece bein{irdatnal or external

gear) the direction of backoff will chang&Vhen eternal gearsre cuttheradial distancencreases

during backoff On the other hand, when internal gears are cut, the radial distance decreases during
backoff.

3.2.2 Rotary feed

The rotary feed motion of the tool and workpiece can be express@d by in units of mm/DSUsing
the choserrotary feed rateand stroke frequencythe rotational velocity of thewvorkpiececan be
calculated as shown i&g. (3.3). Finally, therotational position of thevorkpiececan be found irkEqg.

(3.4).1 represents the pitch radius of the workpiece.
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To ensure theutter and workpieceesh therotational velocities are related by the gear ratghown
in Eqg. (3.5) relating the number of teetietweenthe cutter and workpiece. The rotational véloof
the workpiecg can then be calculated as showrEn (3.6). It is important to note #hpresented
equation holds for spur gears onior helical gearsan additional term would be includetianging
the rotational position of the cutter during the strakaccommodatéhe additional rotation required
of the cutterTo determine whether thgeear being cut is an external or internal gaaradditional term

is used+1 for external gears] for internal gears}inally, the toolpositionn canbe calculatecs
shown inEq. (3.7).

35

v _ (35)

,oLen (36)
i

%o i OQ] O (3.7)

3.2.3 Radial feed

The radial feed"™Q ), measured in units of mm/D§, the feed-ateused tochangethe centreto-
centredistancei ) between the workpiece and tool as the cut progreBsgending on whether the
gear being pragced is internal or externdhe radialdistance is increased or decreasedpectively.
For each cutting pasthe radial distancbetween workpiece and tool begiaisa value of and
endswithi . Determination of these values can be sed@iablelto¢ cutting passe§hei  value

for each pass idefined by the deptbf cutQ and defining the direction of fak
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Table 1: Determination of by (3ng » . dor each cutting pass

Cutting Pass
First (. ) Intermediate (
i i i
I I Q ¢ p I Q l
i € p
Thevalue ofi for the first pas$eginsat the value of shown inEq. (3.8) withi andi

representing the addendum ragiifi the workpiece and toglespectively Similarly, the value of

for the " pass is given by , (the nominal centréo-centre distance between tool and workpiece)
calaulatedin Eg. (3.9) but is typicallycorrectedby the machine operattw account for profileshift of

the cutterwhich is discussed in further detail in Sect®8.3

i L (3.9)

(3.9)

i . (3.10)

Modern gear shaping machines allthe use of/ariable radial feed rates to optimize the cutting load.
Larger radial feed rates are used at the start of the pass and low#negass progressesd the
engagement length betwedhe cutter and workpiece increasds. this thesis, dr the designed

experiments a constant radial feed rate was.used

3.2.4 Modified kinematics and NC code generation for a 5 axis CNC mill

For the gear shaping process to be perforomgtefive-axis CNCmill, theoriginal proces&inematics
must be transformeith such a wayhatthe process is performabiégthin the five axes and given the
limitations of the machingool. The major differenceshat will need to be consideredhen
transforming the feed movememglude thenability to synchronize the tool (spindle) and workpiece
(C-axis) rotational positiors, performingthe cutting strokaisingthe Z axis feedinstead of a slider
crank mechanismand transforming theontinuousfeed processesnto a series ofbroachinglike

movemats implementableoy the CNC controllerThe machine limitationgare primarily due to the
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reduced stiffness and load carrying capacity of the servo axes when compared to a dedicated gear

shaping machine tool.

Figure 3.2: Motion axes of thefive-axis CNC milling machine.

The reciprocating feed of the shaping machitraditionally produced through a slider crank
mechanismis performed using the machineazis as shown inFigure 3.2, feeding vertically
downwards to perform eachtting strole. The toolwill feed between two positionst  anda

shown inEg. (3.11) andEq.(3.12). The z-axis origin is defined as the top surface of the workpi€ce.
ensure there is no rubbimy contactbetween tool and workpieairingthe up strokethe tool will

move to a safe positidn  outside of thereviously cut radius
a4 ada Q (3.11)
a aa @ 0 312

The rotary feed motions of the shaping proaesed to create the meshing acttwemodified, asthe
rotationalposition of the tool cannot be accurately controtiednsure synchromationbetweenthe
tool and workpieceTheworkpiece rotation will beepresented usintfpe caxis (table axis) shown in
Figure3.2. This can be seen iaq. (3.13), where the table angle is equal to therkpiece angleTo
ensure meshing action between the workpiece angdth@otool angléso is controlled using the and

y tool positionshown inEq.(3.14) Thisresults in the tool movingroundthe perimeteof the workpiece
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while the workpiece rotatesesulting in the appropriate meshing actiéor each rotation of the

workpiece the tool completethe desired number of rotations according to the gear'atio

Start of contact Halfway through cutting process Final positions

150 150 150
100 100 100
50 50 50
> 0 > 0 - i)
-50 -50 -50
-100 -100 -100
[

[ IWorkpiece

-150 -150 -150
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
X X X

Figure 3.3: Diagram of the shaping process showing start, intermediate and final positions of
the tool and workpiece.
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Finally, the processs discretizedmto a series otutting locationsdy finding the values o%o., %0 and
i corresponding tthe starting positiorof each downstrokéwvhen the tool is at the  positior).
This was performed using a time intersal shown inEq.(3.15) and solving for eacbutting position

across the cutting operatiorheaxialfeed ratg"Q of the tool was manually set in the CNC controller

to the desiredutting speed
(3.15

The list of cutting locations was then used to generatél@ code file consisting of four basic

movements:

1) Positioning of the toah the X, Y, Z axis atthed positionabove the workpiece.
2) Move thetool to & at the spedied "Qcorresponding to the chosé&n , performingthe

cutting stroke
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3) Movethetool radiallyfrom the workpiecen the X andY plane tothei position clear of

the workpiece
4) Retractthetooltothed positionabove the workpiece

5) Repeathe procesfrom step 1moving to the next cutting location as specified

In addition to theNC code to perform the cutting movemermstracode was added to pause between
cutting passes allawng for reapplication of cutting oil to the top surface of the workpi@delitionally,

as advised byhe machine tool manufacturer sweep of the machine axes was performed between
cutting passes to ensure progestribution oflubrication.Hence, eight additional sweeping movements
had to be includedA codeexcerptcan be seen iRigure3.4 showing the general form of the NC code
used to perform the shaping process.

1 BEGIN PGM 01 MM 1: Begin the Program

2 M19 M126 2: Orient and lock spindle position
3LX0Y0Z60CO0F10000 3: Travel to(0,0,6Q at a feed rate of 270000 mm/m
4L X98.5919Y 1.2616 €1.6217 4: Feed to first cutting position
5LZ2-42 5: Downstroke to #ttom

6 L X99.5918Y 1.2744 €1.6217 6: Feed to safety radius in XY plane
7LZ15 7: Upstroke to #p

8 L X 98.5577 Y 2.5227 €3.2435 8: Feed to next cutting position

9L Z-42 9: Downstroke to #ttom

10 L X 99.5574 Y 2.5483 €3.2435 10: Feed to safety radius in XY plane
11LZ15 11: Upstroke to &p

12 L X 98.5074 Y 3.7831 €4.8652 12:Feed to next cutting position
Figure 3.4: Annotated codeexcerptshowing the general form of thedevelopedNC code

3.3 Design of experiment

While the kinematics of the shaping processe modified into a formperformable by the milling
machine additional work was requireih finalize thedesign of theshaping experimerand ensure the

process wouldbe safe and repeatable for gathetiog) wear data

The chosenmilling machine is notoriginally designed to perfornthe shapingprocess unlike a
traditional gear shapei major conceriwas the possibility of damage to the machine axes and spindle

bearings due to the cutting forces addition toa lack of rigidity in the machinéhat may cause
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deflection during cuttinglTo overcome thisoncernthe process was designed in consultation with the

ma ¢ h imarufacturerand a maximum force limit wassed tgprevent damage

Additionally, to accommodate the shaping processdifications were requireduch as a custom tool
holder to mount the shaping taolthe spindle. A custom clamping solution was also needed for the
workpiece blankas traditional vices would not provide the necessary clearances required to perform
the shaping experimentsinally, to ensure thavear data could be collecteatdditional measurement

setups were required.

3.3.1 Machine

Thefive axisCNC mill used for the gear shaping experiments is a DMU Deckel Maho 8CRiiilt
featureghree linea(translatingyaxesX, Y, andZ, as well agwo rotary axesC axis(rotaing the table
about theZ axis), andA axis(rotaing the workpiece about the axis) shown inFigure3.2. A concern
when performing the gear shaping experiments wagdtential for damage tihe axis drive unitand
spindle bearings due to the cutting forcElpon consulting with the machine builders well as
performing preliminary shaping testshouse, itvasdecided to limit the thrust force #®0N, to stay
well below the loading limit of the spindle and feed drives, andtalawoid any potential for rotational

slippage 6the spindle locking mechanism.

3.3.2 Design of shaping parameters

The gearshaping process was designed using ShapePro software to simulate the cutting passes and
determine the iprocess cutting forces, spindle torcured estimatedorocess timeTo remain below
the maximumZ-axis force componendf 700 N, the process was split acrossultiple passes
Additionally, to aid in theanalysis of tool weaaindfacilitatecomparison to analogy testse maximum

chip thicknesscrossach paswas kepias consistent as possible.

Using these two process restrictiptiee shaping passes were designed while holding the rotary and
radial feed rates constaonly changing the depth of cut between passedadding additional passes
until therequiredtotal depth of cut was reachethe depth of cut for each pass was first found through
ShapePro pass optimization tools and lamjusted through manual trial and error checkifipen

high cutting forces were applied, this was observed to surpass the capability of thelepledled
resultedin a machine erroiThrough aditional testsa safe and conservative force limit700 Nand

a maximum chip thickness of 0.2 nmas determinedrlhe finalzed cutting paraneters candseen in
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Table2. Once the process variables were chosen using the simfdatedesults as a guideline, the
NC codeto besupplied to the milling machingas generated through a custom MATLAB script.

Table 2: Cutting parameters for each pass of the simulated gear shaping process

Reciprocating| Rotary Feed| Depth of | Radial Feed
Pass# | Feed DS/mirj | [mm/DS Cut[mm] [mm/DY
Q Q Q Q

1 87.7 0.65 1.6 0.01
2 87.7 0.65 0.84 0.01
3 87.7 0.65 0.75 0.01
4 87.7 0.65 0.72 0.01
5 87.7 0.65 0.68 0.01
6 87.7 0.65 0.62 0.01
I 87.7 0.65 0.58 0.01
8 87.7 0.65 0.532956 0.01

When testing each newutting processcare was taken to ensure no machine errors or unexpected
movement would occur. The process ¥iest tested using the gear shaptngl mountedn the spindle
without a workpiecéo ensure that the expected patis followedand ensuring appropriatéearances

had been applieth avoid collisionsOnce the toolpath was verified, the process was then performed
with a soft plastic workpiect verify that theCNC codesuccessfully generated a geand finally

cutting was performed oflSI 1215 mildsteel wakpieces.

While best efforts were made to ensure consistent cutting conditions betweengsasseshe nature
of gear shapingcontinuouslyvarying tool engagemeitthere was some variation across #ight
passesas well as during a single pass. This variation can be s&guire3.5 which showsheaverage
andmaximum chip thickness across thightpassesas simulated in ShapePrbhis changing chip
thickness creates difficulty when designing analogy tests that ywoaperly mimic the cutting process
While average values may be usigdnay notaccuratelycapture the progression of wear due to the
changing values. Similarly to the chip thickngb& maximum force applied to the tabroughouta
gear 6s c uvaties dugto thercltangagttsil workpiece engagemerats can be seenkigure
3.6.
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Figure 3.5: Simulated chip thickness across thdesignedgear shapingprocess.Right shows
zoomed in sectiorbetween red bars
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Figure 3.7: Zoomed in view of the shaping process shown Figure 3.6

3.3.3 Shaping tool specifications and mounting

Thetooling wassourced from Ash Gear and Supglywaspurchasedisedbut had been reground to
reveal a fresh cutting edge and rake fatsedtooling waschoserto limit thecost of experimentatign
asthe intention was to use multipteols while varying the process parameters to coleecange of
wear dataThe tooling chosewasuncoatedHigh-SpeedSteel (HSS)HSSis a common tool material
for shagrsdue to the repeated interrupted cuttbehaviorthat may shatter carbide tooling/hile
coated tooling isypically usedn shaping foextendng tool life, uncoated tooling was used to reduce

the cutting time required for wear to develop.

During tool regrinding material is removed from the torésulting in thecutting teethexhibiting a
profile shift. Profile shiftof a gear results ia changef thetooth profile with a positive shift resulting
in a larger addendurand thicker toothroot while a negative shiftesults in a smaller addendum
diametef[57]. The profile shiftowas calculategerEq.(3.16) usingspan measuremento represents
the span measured acr@assumber of teethsing calipersi represents the total number of teeth

the geawhile ‘Qrepresents the number of teeth measured aciidss.optimal number of teeth to
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measure depends on the gear parameters. In thisaasrements were taken across five tddth.
calculated profile shift can then lbsedto calculate the center distance increment fa@tshown in

Eqg. (3.18) and finally the final center distande that will be used whemutting. The final tool

specifications can be seenTiable3.

External Gear Internal Gear

x=-0.50
x=-0.25~_
¥ =0.00

Figure 3.8: Gear tooth profile shift Katz et al. [56]
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Table 3: Tool parameters used in the gear shaping experiments.

Number ofTeeth (N) 40
Module (& ) [mm] 2.54
Pressure Angl€)) [°] 20
Helix Angle( ) [°] 0
Profile Shift (x) -0.1674
Pitch Diametefmm] 101.60
Addendum Diametgimm] 107.30
Dedendum Diametdmm] 9525

To mountthe cutterin the machinespindle an adapter waslesigned andananufacturedas seen in
Figure3.9. The adapter hokthe tool| while the adapter ikeldin a tool holder thafits in the machine
spindle.Unintended otation of the tool durin@ cutting strokevas a concern as archange irthe
rotationalpositionof the toolwill caus€orm anddimensionakrror in theresulting final cut workpiece
as well agpotentiallyunstablecutting conditionge.g., chip thickness and depth of ci® avoid any
possible rotatioof the tool due to torque placed on the tadteyway was cunto the toolsusingwire
electrical discharge machining (WEDMJong witha corresponding keyway in the adapkéats were
alsomachined orthe adapter shank to be held in the txtdpterto provide a flat clamping surfader
the set screwsf the tool holderWhen the tool was mounted, runa@itcl e nwas foundn thecutter,
which may have contributed to profile error in the produced workpisees inSection3.4.1
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Tool Holder

Custom Adapter

Shaping tool

— Lower clamping plate

Figure 3.9: Tool holder assembly to mounthe gear shaper tool in the machine spindle

To determine theleflectionof the tool andmountingfixture during a cutting stroke a SolidWorks

Finite Element MethodHEM) simulationwas performedasshown inFigure3.10. The machine tool

holder and custom tool adapter were all simulatedketermine the locationsf deflection. Using the

ShapePro simulation a sample stroke was selegiplyinga 700 N force in th&-axis and a lateral

force of 190 N in theX Z plane, additionally a torque of 2.5 Nm was also exerted onto the outside of

the partlgnoring the high localized deflection on the locations where force is applied it was found that

the tool was def | ect i.While notenbdsledénrthe dimutation the iraividal 8 . 0 ¢
cutting teeth of the cutter would also deform cdmitting the additional local deflection of the cutting

edge.
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Figure 3.10: Deflection simulation results from the finite element analysis of the shaping tool
and tool holder.Green arrows show fixed geometry while purple arrows show the applied force.

3.3.4 Workpiece specifications and mounting

The workpiecewere designedsa 33tooth gear with a module of 2.54 mm corresponding to an outer
diameter 088.9 mmand a face widtkc) of 25.4 mm. Additional workpiece specifications can be seen

in Table4. The blanks werproducedrom cylindrical stock, cut to width, and turned a lathe to the
desiredoutside surface. Additional mounting features were then adumeth as a central bore and
alignment holedo preventrotation of the blankWhen the cutting operation was performéue
workpiece blanks could not be mounted in a standard machine vice as clearance around the perimeter
andbelow the blankvasneeded for théull cutting stroke of thdéool. A custom pedestal fixture was

designedas seen ifrigure3.11.
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Table 4: Workpiece specificationsused in the gear shaping experiments.

Teeth (N) 33
Module m[mm| 2.54
Pressur € Ang 20
Helix Angle[°] 0
Profile Shift () 0
Pitch Diametefmm] 83.82
Addendum Diametdimm] 88.90
Dedendum Diametdmm| 77.47
Face widtimm] 25.40

The mountingpedestalwas designed to provide support to the underside of the workpiece while
allowing appropriateclearance fothe cutting of the gear teeth to full deptheaning the pedestal
diametercould not be larger than the dedendum diameter of 77.47 Tanaslamp the workpiece
central shaft was used with a tapped hole for a boltaastack of washers to applydownwards
clamping forceto secure the top of the workpiece. Similarly to the tablould the blankhave
unintendedotaion during cuttingdimensional error in the resulting final cut workpied# occur, as

well as the potential farnstablecutting conditionsTo avoid any possible rotation, two alignment pins
were added opachside of the blank. To ensure the fixture was aligned with the tableaagentral
diameter was used that would index wétltentraimounting hole in the machine tablehe machine
origin was set using the central shaft on the top of the mounting fidndethe fixture was centered

on the tableds to ensure concentricity of the workpiegRile rotating using the tabletary axis.

42



Workpiece blank

\

\

Mounting shaft §

Alignment pins

Central
diameter

Figure 3.11: Pedestalmounting fixture for the workpiece.

Similarly to the toolan elementangolidWorksFEM simulation shown inFigure3.12, was performed

to analyze théeflectionof both theworkpiece ananountingfixture duringacutting stroke Using the
ShapePro simulatioa samplestroke was selected creating a 700 N force in tagiy and a lateral

force of 190 Nin the X Z plane,additionally a torque of 2.5 Nm was alegerted onto theutside of

the part Ignoring the high localized deflection around the point of force application the deflection of
the wor kpiece r ang e She ¢lampimg fofce & thes serewt aod whshd) wees not
considered to be a concern during the cutting operation as the cutting forces applied are ie the sam

direction as the clamping force.
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Figure 3.12: Deflection resultsof the workpiece found usingSolidWorks simulation. Green
arrows show the fixed geometry while the purple arrowshowthe applied force.

3.3.5 Flank wear measurement for gear shaping tools

Measurement of the accumulating flank wear was performed following ISO 3685 measurement
standardising aDino-Lite AF7115 digital microscop&Vhile the standard refers specifically to single
pointlatheturning tools, to ensure consistent measurement methodpied tcboth the shaping and
orthogonal cutting tests (discusseddnapter 4, the standard wassed.To accommodatéhe shaping

tools the measurement setwas modifiedas the tooth flanks of interest were visually obstructed by
adjacent teeth when measuring perpendicular to the cutting edge.

To ensure consistent positioning of the microscope and tool betweeratfigtare plate was designed

and 3D printedas seen ifrigure3.13. The indexing fixture holds the tool inverted amupper plate

that rotateon the lower platéo allow forincrementhadjustmenibf the tool position. On the lower

plate, holes were added to allow a pin to be inserted, locking the rotation of the uppat fikete

locations After thetooth is photographedhe pin can be removeahdthe upper plate rotated to the

next hole positioning the next tooth in view of thmicroscope This design allowed for consistent
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increments of the tool with the number of holes in the lower plate matching the number of teeth on the
cutter.

The lower platefeaturesthree dovetail slotsfor positioning of the microscopen the three views
requiredof each toothwhile allowing adjustment of the focal distanc&he secondarymicroscope
holder was designed in multiple parts with a flexible TEBlérmoplastic polyurethansjeeveo firmly
hold the body of the microscopand slots to allow the microscope to be adjusted vertiaaltiilted

to facilitate the adjustment of the viewing angl&ssentially, e holder was designed tmable
adjustment in the positioning of the microscope and taoich was needed to properly capture images

of wearwithout visualobstruction from the adjacent teeth.

Figure 3.13: 3D printed fixture for measurement of flank wear.

When photographing wear on the tdblee images were taken of each tooth: both left and right flanks
as well as the tooth tip. The camera could be positioned perpendicularly to the tpbth ten
photographing the flankst needed to be positioned above the &ugleddown on the cutting edge.
While this angle introduced some measurement parallax to the iniagesld not be avoided and
alternative measuring strategissich as angling the camera rather than positioning perpendicular to
the flank introduced more errors and increased the difficulty of focusing the camera due to the small
depth of field when zoomedhe measurement process was performed before the tool was used, to
recad any preexisting damage to the teétfter cutting each workpiegeéhe tool was removed from
the machingool, cleaned and photographaa record the wear that resulted from each subsequent
cutting operationOnce photographethe wear wagjuantifiedusingthe Dino Lite camera software
DinoCapture
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3.3.6 Validation of modified kinematics and analysis of machine CNC tracking error

To validate the modified kinematigdanning forgear shapinga polygon subtractiogimulationwas
created The polygon subtraction usest@ol profile, exported from ShapePrand a simulated
workpiece blanko performthe shaping procedsy applyingthe calculatedcutting positionsfound in
the modified kinematicdescribedn Section3.2.4 Using the list of cutting locatiorend orientations
computed inMATLAB , the tool and workpiece are translated and rotaedrequiredwhile the
geometric intersectiobetweerthetool and workpiece is subtractézlit) from theworkpiece polygon.
As the process continugrore of the workpiecmaterialis removed and the final gganofile revealed.
Finally, the produced workpiece polygas compared to the ideal workpiece profile $thapePro
Through this proces# was found that the simulated workpiece had a slight profile aorwss the 33
teeth with the total error per tooth for both left and right flanks being less that two miasseen
plotted inFigure 3.14. While there is amallamount of profile errqrit is likely due tothe surface
scallops produced by tmeachiningprocesstself androunding of the cutting positions when supplied
to the polygon subtraction progranThrough this procesét was found that the designed modified
kinematics for use in the CNC machine was able to accurately reproduce the shayéngents for

the purpose of performing tool wear tests.
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Figure 3.14: Profile error between ideal and simulatedworkpiece using polygon subtraction

Whendesigning the shapirexperimentsCNC tracking erras of the machine axes and damage to the
spindle bearingsluring a cutting strokeveremajor concera The5 axisCNC machine used for the
experimentis not designedb withstandthe large Z axiscutting forcesand achieve the same level of
stiffnessas a specialized gear shaping machine. While the cutting parameters were chesexrto
below the maximum recommended force for tin@chine significantCNC tracking erromay cause
significantly different uncut chip geometries than the shaping protesserify the servotracking
behavior feed drive signals were collected usitng oscilloscope measuremeutility built into the
HeidenhainTNC 430N CNCcontroller. Signals for the X, Y, AndC axesas wellas spindleotational
position were collectedor both nominal(i.e., commandedind actualencoder)positionsusing0.6
ms and 8.4 msamplingintervals As the osilloscope function only allows focollection of 4096
sampledor each measurementgasuremestwereperformedat varyingsampling rateduring the cut
capturing a range of movemetusthduring a cutting strokandrepositioning The recordingprocess

was repeated durimdjfferent passes to ensure ther@sno erroraccumulatiorthat occus over time
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Actual vs nominal Z axis position

The first movement captured was tHleaxis position during a cutting stroké&s seen irFigure 3.15,
comparing thenominal (i.e., commandedyersus actual positiora lag can be seemetween the
commanded position and the actual position of the While there is a lagt would not cause errors
during a cutting movement as all other axes are statiahainyg the cutting downstroke. Furthermore,
the movement profile remainsmooth,indicating therewere no significant Z axiserrors caused by
contact with the workpiece during thetcWhen analyzing the velociguring the cutting stroké was
found that the tool reached the target feed rate of 10 m/min before contacting the eeoduie
remained ah constantutting speed for the durationait. The stroke lengtfor later tests was reduced

to remove unnecessary movements that increased cutting time.

Nominal vs Actual Position
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Figure 3.15. Nominal vs. actual positionand velocity of the Z axis during a cuting stroke.
C axisbehavior during a cutting stroke

Measurements were taken for thexis(table) position during a cutting strot@checkfor rotation of
the tableinduced by the cutting forceasseen inFigure3.16. Similarly to the Z axis trackinghere is

a time lag between theommanded andctual position during repositioningas seen in subplot 3
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between 180 and 300 ms before the Z axis stroke bé&yinisig the cutting stroke the tool is in contact
with the workpiece from 600 ms to 758 performing cutting action while the C axis is stationary as
seen insubplot 3 This can be seen in further detail in subplots 2 arsth@wing a zoomed in version

of subplots 1 and 3 during the cutting stroke. As seen in subpiioé £ axis shows ndiscernable
difference between the nominal and actual position.
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Figure 3.16. Z axis andC axis measurements for a cutting stroke
Spindle CNC tracking error during cutting stroke
In previousexperimentswhen the maximunsimulatedforce wasvery high the spindle brake failed
to secure the todiigidly resulting in amachine error during a catue to thechangeof rotational

position.The limit value of700 Nwas chosen to ensure this would not happé&erotational position

of the spindle during a cutting strokeasrecordedas seen ifrigure3.17. The toolis in contact with
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the workpiecébetweerthe dashed red liseoughly between 880 ms and 1020 ms. During this,time
the spindle position showswery slighttracking errormoving from the steady position of 0.999753
turns to 0.9995009 turr(ge., a change of 0.08785This deflection idbelieved to belue to the torque
generated by the cutting fordajefly causinghe deflection, and then the spindle positiebounding
back tosteady stateOnce the cutter leaves the workpiece on the underside wfdtkpieceat the Z
position of -25 mm (and the cutting force iemoved)the controllerovercorrecs due to feedback with
possibly integral actiorgausing a spike in the spindle position in the other direction. pidsgional
erroris then corrected and the position decays back to the steady statd ki spindlegracking error
most likely causesrrors in the profile of the finished workpiece which will be further discussed in
Section3.4.1 Considering a tochddendundiameterof 107.3 mm thiswould resultin a deflection of
0.0822 mm at thép of the cutting teeth.
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Figure 3.17: CNC tracking error in the spindle during a cutting stroke

3.4 Experimental Results

Using theeightpassshaping process designediaction3.3.2 a total of 17 shaping experiments were

performed recording the growing wear on theting toolusing the described measurement process
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between operationdlore cutting testsvere intended to be performed utiliziaggroup of tools with
identical specificationandapplyingvarying cutting speedmd thevarying growth rates of flank wear
would be analyzedHowever,when performing the cuttingxperimentsit was found thathe process
time was much longer than expected #mel CNC machine was unable to achiaveinge otutting
speeds matching industrial shaping machiiage to these reasqrithe experiment was reducedao

single cuttig speedf 10 m/minand halted after the 17 tests had been performed.

When simulating the cutting process using ShapdReototalmachining processme was predicted
to be 44 minuteand10 seconds with a traditional gear shaping machiikwever,when performed
with the five-axis CNC, the cutting time was found to be around 90 minutéss additional process
time is most likely due tperformingthefeed movements as a series of steps rathestharironously

In traditional gear shapinghe workpiece and tool continuously mesh both the downstroke and
upstroke can occur while the radial and rotary feed are perfoimedntrastthe toolangularposition
could notbe controlledn thefive-axis CNC machineand the upstrokeiasperformed separately from
the repositioningor the next cytwhile also adding an additional step to move toithe backoff
distance Due to the extra time requirddr theseadditionalstefs, the total process timeéncreased
accordingly Additional process time was alsmldedwhen applying lubricating oil between cutting
passes and performing the axis sweep as recommenddue byachine tool manufacturefhe
photographingprocess othe cutting tool alsadded an extra 30 minutkstweeroperatiorsto capture
images of all three views of the 40 ted®eriodically the rake face was inspected for the development

of crater wear, but no discernable crater wear was found that may affect the cutting mperatio

Due to this long process timenly 17 workpieces were produced using a single cutting speed of 10
m/min.Due to the small number of tests perforpeetbollife modelcould not beapplied ascalibraing

and testinga modelrequiresa range of cutting parameters to be tested. To ensure accurate results, the
test should be performed multiple timesnsideringthe wear found across multiple tools using the

same cutting parametersdbeckfor statistical outliers oirregularaccelerations of weanr chipping

3.4.1 Quiality issues in workpiece finish

As the shaping experiments progresséite workpieces were inspected, and it was found that the
produced gear(shown inFigure 3.18) were of low quality withseveralissuespresent on the tooth
flanks andgearprofile shown inFigure3.19. Some of thesquality issuesnclude major burrs on the
underside of the workpieca rough surfacénish on the cut flanksis well as lead error of theut
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flanks The lead error is expressed as a deviation ofjélae toothifrom the ideal path along its length.
These errors were found across multiple workpieceicating that the error was reproducible and
were caused by the cutting procesing carried out on the milling machine

By

A

ol

Figure 3.19: Quality issuesfound onan exampleworkpiece createdduring the gear shaping
experiments. Left Rough surface found on tooth flanks. Ryht: Lead error of flanks as well as

burrs on underside of part
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Despite the efforts made to minimize rotation and outof the cutteras well as deflection of the
overall cuttingsetup therewasstill some amount present that causewrsduring cutting.While not
measured in this experimemaiture work could involve impact hammer testiogdetermine stiffness

of the cutting setupo determine if thelesigned fixtures and clamping methods were adequate. Other
testing may involve the use of accelerometers and dynamometer setups toamcqgrdtential
movement notaptured during thENC signalanalysis inSection3.3.6 Finally, another source of the

poor part quality may be due to the usenainually appliedubricationduring the cutting. Traditional

gear shaping involves the use of flood cooling which may improve the surface finish and minimize
cutting temperatures. Minimal lubricant wasplied manuallyto matchthe cutting conditiongo the

analogy testingxperimentgperformed inChapter 4vhere flood coolant was not feasible.

Further investigabn included measurement of the gear profileor. The gear profile was measured
using aMitutoyo CRYSTAApex Scoordinate measurement machi@\ M) and compared using
ShapePro to a simulatétkalworkpiece of the same parameters. When comparing the two pribfiles
was found that there was a significant difference between the two pwatitethe produced workpiece
showinglarge profile errcs. Figure 3.20 showsthe total profile error for both the left and right tooth
flanks. The observed profile errerare most likely a result of runout in the tooling as well as
misalignment of the workpiece blanks. While the machine was sstng the mounting fixture as the
origin for aligning the coordinate systethere may have besome amount of misalignmelétween
tool and workpiece Furthermore, as the purchased tooling wwasviously used and relatively
inexpensive the tooling profile was of low qualityimparting the error from the tool onto the

workpieces.

53



0.08 T T T T
N
c 0.06 [
e Y. r { | 2 T
— | A /
[=] 1 \
E 0.04 . '. '\ : /
E II "', \‘\ ! |II
-= - II e A \\ L -
2 0.02 - . / L~ . s |
e \\H. / ~
D 1 1 1 1 1 1
0 5 10 15 20 25 30 35
Tooth Number
Right Flank Total Error
0.08 T T T

Total Error (mm)
o o
o o
i o
T T
1 1

o
o
%]

T
1
“
/
rd
|
|
|
/
Vi
<\
I

0 5 10 15 20 25 30 35
Tooth Number

Figure 3.20: Profile total error compared between cut workpiece and an ideal simulated

workpiece.
Pre-existing damage taool teeth

Before beginning the cutting experimeritee initial condition of the tool was photographed to be used

as a starting measurement for wear growth on the cutting edge. While the tool was freshly ground from
the supplierit was found that several teeth shovpeeexistingdamageasexemplifiedin Figure3.21.

As can be seen on the tooth, tipere is a dent on the left side and a flattening of the cutting edge on
the right side. When damage was found, the inibiath state waslocumentedandanydamaged teeth

were neglected when analyzing wear progression of the cutting tool. While it is likely that there would
beminimaleffect on the cutting operatigihmay affect the wear development on that taathtributing

to an initial wear value or accelerated wear growth
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Figure 3.21: Initial condition of t ooth 30 showingtooth tip damage

3.4.2 Summary of tool w ear data

After performing the cutting experimendsid measuring the flank wedtr was found that the wear
accumulated on the cuttingol was low despite the Ivorkpieceseingcut The cutting teetshowed
only mild wearatthe corners of the teeth and the cutting ettglee toothtips. Minimal flank wear was
observedat the tooth flanksOf the teeth that showed some amount of wear developthentiank
wear was distributed similarly showing a consistent patterosgheteeth This result is supported by
ShapePro simulation showinbat the highest length of material cut atlte highest average chip
thickness is concentratatithe tips and corners dieteeth This resulis shownin Figure3.22for the
full tool profile and a single tootiTable5 showsthe chip thicknessefroughoutthe cutting process
averaged across all 40 teeth of the cutting téalithermore, due tthe cuttel® geometrythe corners
of the teeth have the least supporting material leading to a weaker gortibacutting edgeWhile

most teeth showed wedihe maximum wear was not equal and some teeth showed little to no wear.
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Material Cut Around Tool Profile

Material Cut Around Tooth Profile
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Figure 3.22: Length of material cut by each node around the tool profiléeft and a single tooth
right.

Table 5: Chip thicknessdata across theeight cutting passedor nodesaround a tooth. Green

highlights indicate the highest values corresporidg to the cornersof a tooth.

Node Number

16

17

18

19

20

21

22

23

24

Minimum [mm]

0.0087,

0.0283

0.0620

0.0449

0.0406

0.0470

0.0614

0.0339

0.0210

Average[mm|

0.0170

0.0433

0.0799

0.0664

0.0671

0.0701

0.0780Q

0.0482

0.0307

Maximum[mm]

0.0196

0.0525

0.0900

0.0755

0.0774

0.0788

0.0869

0.0544

0.0348

Due to the low depth of cut across #ightpasseswith themaximum being 1.6 mrandthe averag

being0.79 mm,the tooth tips perfornrmost ofthe cutting This leads to the wear beiggncentrated
on thetooth tipsand a small amouralongthe tooth flanksTypical gear shaping wouldse a larger
depth of cut, resulting inmore even distributioof cutting alonghecutting edgebut thesmall depths

of cutwerenecessary du@ low setuprigidity in performing the shaping on a milling machine tool
Generalwear growth trend at tooth tips

When analyzing th@rogressiorbased weaacross all teetithe resuls generally followed the same

progressionstarting with a clean cutting edgadthe worn sections of the cutting edge growing as the
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tool is used. Wear first shows at the tooth cormérsrethe originally shargorner beginsleforming

as flank wear develops. As the wear progressatowly grows across the tooth tip and progresses
downwards on the flank face. An example of this behaviour can be seen b&igwreB.23, showing

the initial condition of the tooth compared to the final condition of the tooth.

Figure 3.23: Tooth 10 initial condition and condition after cutting 17 workpieces.

Wear across all 40 teeth was not consistent with some teeth showing minimal wear while others
showing large amounts of wear growth. Furthermore, wear across a single tooth is not consistent as
can be seen iRigure3.24 with varying wear measurements between the flat tip and the tooth corners.
Additionally, the wear progression of a single tooth across alldtKpiecescan be seen iRigure3.25

with measurements being taken at three different locations along the tooth tip (both corner nodes 18
and22, and the central node 20).
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Figure 3.24: Final wear measurements fora single toothshowing different measurements for
the two corners as well as the flat middle section.
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Figure 3.25: Wear progression of the flank wear on a single tooth across ttveorkpieces
produced, atthree locations(two tooth corners and the middle of the flat tip.
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Flank wear growth at tooth flanks

Very little flank wear was found on the tooth flanks wihy wearthat didoccurbeing concentrated

near the tooth tip. Instead of the traditional flank wgrawth that wagxpecteda change in surface

finish on the flank face was observed. This change in surface finish may indicate contact between the
flank face and the workpiece causing rubbing and interference. This change can bé&gpea3i26

where the initial condition shows a smooth surface finish while the final surface after cutting shows a

textured surface. Note however the cutting edge showing little to no flank wear except for tkip.tooth

Figure 3.26: Initial condition vs final condition of the left flank of tooth 17.

This change in surface finish was not consistent between the left and right flanks with the right flank
shown inFigure3.27, where the textured surface has only progressed on a small afoiotmright

flank face while the left flank shows a much larger area affettgdhe rubbing This result may be
caused by differences in the cutticgndition between leadindleft) and trailing (right) flanks
depending on the direction of rotary fead well as the deflection in the spindle position during cutting.
This result is further reinforced througlgure3.22where the left and right flanks show varying lengths

of material cut with the leading (left) flank showing higher lengths,
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Figure 3.27: Initial condition vs final condition of the right flank of tooth 9.

3.5 Conclusions

In this chaptera flank wear testingorocess foigear shaping wasedignedandimplemented From
initial designof experiment to testing resulthe full process was documented and discysseldiding
discussioron the difficulties of adapting the shaping processfieeaaxis CNC machineand the wear
results collected using the designed process.

Through work performed by previous studetitetraditional gear shapirignematics were knowand
used as a starting point for recreating the processsfdg@ng movements were divided into discrete
actions performablenthe CNG with the help of aMATLAB script converting the radial and rotary
feed into movements in the XY plaaed rotations of the C axis. The Z axis was used to perform the
cuttingstrokes. Through custom CNC codas well as custom mounting systems for the workpiece and
tooling, the process was performed and tesiadafive-axis ONC machine. To further ensure the
performed actions properkeplicatedgear shapingthe CNC code wasalidatedby comparing the
profile generated by the CNC codsing a polygon subtractiaigorithm to that of an ideal gear profile
generated in ShapePiReattime CNC servaignalswere collectedhrough the buildn oscilloscope
function of the machin®ol andanalyzed findinghat the processxhibitedminimal CNC errosduring

the cutting strokeexcept fotthe tool spindle axis which showadsmalldiscernable error as a result of

the cutting torque
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Despite thissuccessclear limits of the machine were fouad the spindle lock was unable to remain
in position during heavy tool engagemgnmesulting in a loss ofotational positionand generating
machine errors that would erlde cutting experimergarly. Throughconsultation with the machine
builder, andhis experimentatiara conservative thrust force limit 800 Nwas imposed, to avoid this
problem altogether. However, this required redutmed engagementand depth of cut per pass
leading toaneightpass proces#dditional consideration was taken to ensiirat themaximum chip
thickness was consistent betweaba passesWhile the eighipass cutting process was feasiliéed

to a long cutting time of 90 minutexcluding theime to setup the machirsmdmeasure wear

Because ofhe long cutting timgonly 17 cutting operations were performed at a single cutting speed
of 10 m/min resulting in low amounts of wear being visible on the.tBole to the low depths of qut
any tool wear found on thautting toolwasconcentratean the tips of the teethhile some changes
were observedon the tooth flanksany changes wermost likely caused by rubbingetween the

workpiece and toaind did not appear to leank wear caused by cutting.

Despite the low number of cutting experiments performed due to time constterdesigned process
performed wellsuccessfully recreating the gear shaping proc&ssuld additional time be allocated
the testing and wear documentation catddtinue,and toollife equationscould becalibratedusing

the collected dataHowever,to compareresults that would be usable in industrial processes on
traditional machinesthe cutting parameters would need to be incredsetkflectthose used in a
production environment. Due to theachine limitationgimposed thrust force limit 6f00 N and low
maximum cutting speed of 10 m/mjihis would not bgossible and ananalogyprocess would need

to bedesignedpr analternative machinasedthat alleviated the limitatia As a complement to ik
work, an analogy tess designedanddiscussed ilfChapter 4It is recommended that in future studies,

either an actual gear shaping machine tool, or a more rigid milling machine be used.
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Chapter 4
Ort hogonalAnGuUtdtggatg Ve aknal ysi s

4.1 Introduction

As acomplemento the gear shapingxperimentsan analogy tesisingorthogonalathecuttingwas
designed and performeitihe goal of the analogytestis to calibrate a tool life equatiopredicting the

flank wear of a gear shaping tdot a range of cutting parametdesg., cutting velocity , feedratéQ

etc) for a given workpiece material and tool combination. This goal is achigsied a simplified
interruptedathe cutting method removing the requirement to perform time consuming and potentially
expensive gear shapiegperimentsHowever, beforananalogy testing method can ineplemented

the wear results from the analogy tests must be compaesduashaping experiments to enstihe
analogy test is a successful recreatibtine original proces3.hrough this comparisethe performance

of the analogy testan beevaluatedand conclusions drawn

Using the flank wear data obtained through a series of latheatestgety of tool life modelare
calibrated and used fwedict the tool lifeat which thechosen set of cutting parametsi®uld reach
the wearcriterion Using the predictionsbtainedand the measured wear ddteeaccuracyof the tool
life equations can beerified and comparedwith actual gear wear cutting results, determine the
effectiveness of the analogy testing method and the implemented tool life nmdoeksver, die to
limitations in experimentationime committed tothe gear shaping experimentsin Chapter 3
insufficient datavascollected to accuratelfompareébetween the shaping experiments andatieogy
test In spite of this, thevaluation of thenalogy teshg process anthe experimentaetupwas still

possible andks discussed in this chapter.

In Sectiord.2, the experimental design of thahe analogy te$s described in detailWhile theoverall
process mimicsan interruptedturning operation,the experimental setup, and design coitting
parametersare critical in recreatingthe cutting conditionsexperiencedduring gear shapingrhe
analogy tesuses specially designed workpiece and tool painepooducethe shapingconditions
observednan easilyaccessiblenachinei.e.,a lathe As the tool is usedheflank wear growth on the
cutting edges photographed periodicallfpllowing the measuremertiechnique applied during the

shaping experimentBespite best efforts to recreate the shaping process and matching as many features
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as possibleunexpectectrrorsstill did occurduring the testing processdiscussedn Section4.3and
further expandedponin Appendix A

The analogy testingexperiments wer@erformedfor a range of cutting parametesad wearwas
measured using microscopeage processingoftware The wear resultand trends analyzefiom
theseexperimentarediscussed irfBection4.4. In Sectiond.5, a progressioibasedool wear model is
developed as a hew contribution in this thesis. Instead of being calibratezhfgispecific flank wear

limit, this model is designed to be able to predict the general progression of tool wear in the presence
of changing cutting conditionshus be applicable to different wear limiits Section4.6, predictions

of the proposed tool wear model, as well as those freaylor and Colding models, are compared

against experimentaheasurements. The conclusions for this chapter are presented in 8attion

4.2 Development of the analogy test

While the shaping experiments were performed succesdfullthe five-axis CNC machine the
experiments resulted low quality workpieces while requiring a long process toh®0 minutes as

well asvery low accumulation of wear due to the large number of teetliné®pgagemenfn analogy

testing method would be able to remedy many of these ismileg carefully designed workpiece
fixtures, cutting parameters, and cutting tools. Furthermore, a wider range of parameters could be tested
and incorporateéhto wear models thawere not possibledue to the limitations of thexperimental

setup used iChapter 3Some of thgparameters thatould be tested aréhigher cutting speeds above

p 1ta & Q¢ higherchip thicknessedarger depths of cuand subsequently higher cutting forces.
However, this solution only woskf the analogy method successfulcreateshecutting engagement

conditions and wear seengearshaping.

The designed analogy test usethogonalcutting on a lathe and a specially designed workpiece to
match the interrupted cutting behaviour siegear shapingrhrough this testhe wear is concentrated
to a single cutting tool performing similar lengthdgrgerrupted cutaswould be seen ishaping tests
thusinducing wearin a shorter time periodThe designedanalogy teshas some similarity téhe
interrupted turning baestexplained irSection2.5.2 butwith certain variationas well as adjustments
to mitigate some of thesueghatwere encountered durirggpreliminary round afesting asdiscussed

in the following sections.
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4.2.1 Design of tooling

To ensurecomparabilitybetween the shapingxperimentsand the analogy testinthe implemented
tooling should match theool geometriesand desigmf thetestedshaper cuttefTo achieve thiscustom
tooling wasproducedor use in the analogy tests readily available prground tooling could not be
procuredwith the involute gear tooth profileHowever, when thecustomtooling was used issues
occurred that were nabservedduringthe shapingxperimentslespitebest efforts tanatchas many
parameters as possibleo continue with the wear experiments andttesanalogy processlternative
tooling had to besourced andisedin placeof the customtooling. Further discussioabout the custom
tooling that failedis presenteth Appendix Awhere the design, troubleshooting and failmedesare
discussed

Thealternativetooling used fostudyof wear was coated carbidattinginserts sourced from SOWA
Tools seen inFigure4.1. Thetool parametergan be seen summarizedTiable6. The selected tools

use a CVD (chemical vapor deposition) multilayer coating process where a TiCN (titanium carbo
nitride) base layer is used before the external TiN (titanium nitride) layer is depdsieetsO style
designation refers to the shape, clearance angle, tolerance ardhipldreakecombination with

CCMT being a80° rhombicshapesuitable foruse across a range ofitting operation§s8].

Figure 4.1: Image of the selected carbide tooling
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Table 6: Summary of tooling parametersused in analogy test$59].

ISO Style CCMT
Size 32.51
Material Carbide
Inscribed Circle (Inch 3/8"
Length (Decimal Inch 0.382
Thickness (Inch) 5/32"
Corner Radius (Inch) 1/64"
Manufacturer's Grade PT25C
Coating Style CVD multilaye

A concern when using thearbide insegwas that the cutting speeds chosen for use in Hmalogy
experimentarevastly different thathemanufacturerecommended parametef$einserts are stated
as suitable for avide range of cutting speeds50 m/min to350 m/mir) as well asrecommendedor
all purposecutting conditions includingnterrupted cuttingHowever, he intendedcutting speed$o
match gear shapirayefar belowthe recommended range which nieeysuboptimalor the insertand
potentiallynegativelyaffect te life of the toolingresulting inpremature failureAdditionally, carbide
cuttersaremoreprone to chippingvhenusedin interrupted cuttingonditionscompared tdigh-speed

steel tooling

4.2.2 Design of workpiece s and work holding method

Similarly to thedesign oftooling, any workpieces usedfor tool wear analysisnust be designed to
match thegear shaping workpiecésallow for recreation of the cutting conditionbserved irChapter
3. Themain consideration when designing thealogy testingvorkpiecewasto ensurenterrupted
cutting behaviowas maintainedvhile matching thdength ofmaterialcut duringthe cutting stroke.
For this purposethe workpiecevasdesigned as a flat hawhere theradial perimeters along the two
outer edgesof the barwould match the distance cut in a singlewnstroke of the shapefThe
interruptionin cutting createdby the milledflat recreated the distance travelled by the cutter to reset
for the next cutas seen ifrigure4.2. This distance between cuts was designed to allow the tool to cool
between cutsout during testing it was found that the time outside of the material dicesat in any
noticeable cooling ofhe tool and workpiece. Instead, the temperature would slowly incoeaise
cuttinguntil the tool was removed for photographimgere both the tool and workpiece were warm to
the touch This increase of temperatuoecurredas thesame tool (toothjs cuttingwith each rotation
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of the workpiece in contrast to shaping wheesv teeth are introduced periodicallythe meshing
action between tool and workpiece occurs during the process.

Figure 4.2: Initial design of theworkpieces used for theorthogonal cutting analogytest

As seen inFigure 4.3, the workpiecewas designed so that tlhec lengthay calculated inEq. (4.1),
matched the length of materialit during each stroke of the shaping operatamrresponding to the

face width of the workpiec& i represents the radius from the center of the workpiece to the outermost
edge arepresents the half chord length half the thickness of the baEach revolution of the
workpiece results in a cutting lengthtefo strokes(one foreach side of the baryhe total length of
material removed)) for a given length along the workpiecd ¢an then be calculated using £42).
"represents the feed rate of the cutting tool along the workpiecensure the cut length of material
matched the shaping experimenke half chord lengthtiand radius of the workpiedewere modified

until the desiredarc lengthdwas found.The cutting speed)() can be found using E¢4.3) with €

representing the selected rpm of the lathe.
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Figure 4.3 Design of the orthogonaknalogytesting workpiece
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As workpiecematerial iscut during theexperimentghe radiusdecreasedoweringthe cutting speed
experienced by the todrhis changevasconsideredby adding extra material to therkpiecediameter
ensuring thabver the length of the tool testinigterval the averageutting speed experiencéy a
singletool approximately matched the intended paramdtarthe test

The initial tests were performed usitig abovedescribedlat bardesign However the preparation of
workpieces was time consumimgd wasteful due to the large amount of matehat needed to be
removed to create the flat sectjdgpically from cylindrical stock To address this imbalancthe
workpiece was redesigned so thdtader, designed taccommodate square bar stock that would be

cut during testing could be reusedcross thaests This method would allow foless time spent on
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stockpreparation betweetests The testing method remains the same and dimen&ans for the
previous flat bar designeve reused and applied to the new design seen lelBigure4.4. While
there was still a certain amount of waasa section of workpiec&asneededo clamp the bars securely
in the holderit was minimal compared to the previousrkpiece design

Counterbores
Workpiece holder

Workpiece

Setscrews

Threaded Surface

Figure 4.4: Model of the finalized workpiece holder used for the orthogonalanalogytesting.

The workpieceholderdesign usefur set screws anamilled sloton either side of the hold&y locate
and secur¢he squarestock.To ensure safety during the testing progc#ss holder was evaluated to
ensure that theombination ofcutting forcesand centrifugal forceduring cuttingdid not exceed the
holding capability of the setscrewand the frictioal force againstthe backwall To further ensure
operator safety and thab material would b&éossed outwardsom the holder during the testingach

of the workpiece blanks hadtounter bore milled torap the end ahe setscrews when tightened down.
If the bar didshift due to insufficient clamping forcethe counter borevould helpretain thebarin
placeby acting as geometrichardstopagainstthe installedset screwTwo setscrewsvere used in
each hole tightened against each other to aamjpotentialoosening due to vibrations during cutting.
Theperformed safetgalculationsand further design detaitgin be seen iAppendix B
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This holderdesignclosely followsthe turning bar analogy teskplained in Sectio2.5.2performed
for gear shaping experimerj&3]. The major changéowever is the use of a traditional turning tool
as opposed to modified shaping togl as well as the direction of cutting fedd the performed
experiment the cutting toolis fed along the length of the workpiegee., cylindrical turning)and
stoppedafter asetdistance to pause and photographttied and document the wear progressitm
contrast in theturning bar analogy testescried in SectioR.5.2 the tool is fed radially into the
workpieceln both testing methodshe meshing actiobhetween théool and workpiecenormally seen

in gear shapings notfully recreated.

4.2.3 Selection of cutting parameters

For the purpose ofomparing wear between the analogy test andstiaping processhe cutting
parametersire chosen tanatch tlose observed i€hapter 3while expanding the testing intervial
calibrate a tool life modeDue to the nature of geahapingand theconstantlychangingin-process
cutting conditionsthe orthogonahnalogy tesmay havedifficulties in fully reflecing the shaping

operationInsteadaverage cuttingarameters across theocessveretargetedor thetesting.

ShapePraoftwarewas used to simulate the shaping procsssl inChapter Zandthesimulateccutting
data(total length of material cut, chip thickness, cuttgmpedand cutting forces)was exported for
use.The exported irprocessdata wasanalyzed usindATLAB to determineaverags across the
cutting procesaround the perimeter simulation nodes of the Toacuttingparameterm theanalogy
testingwerechosen to matctpecific nodeslong the cutting edges where the largest evidence of wear
/ scrapingwas observed during thgear cutting testi Section3.4.2 These coincided witthe tooth
tipsand cornersand on the flarkslightly away from the tipwhich are subject to thdepths of cut and

material removal lengths, as can be sedbhapter 3rable5 andFigure3.22.

During early proof of conceptestingusing HSS toolingit was found thathe cutting parameters
identified usingthe ShapePrsimulationwere not feasiblelue tothe appearance tiilt-up material
on the cutting tool This appearanceaffectsthe wear progressioby changing thewear typefrom
abrasion to adhesi@ndinvalidating theest as thisvearphenomenavas not observed in the shaping
experimentsUltimately, in the interest ofleveloping a wear modelternativetooling andparameters
were chosen for the orthogonal experimentthab the overalmethodcould still be testedeven if it

was nhot possible to make a direct comparison with gear shaping for the collected ditereset.
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information about theisage of HSS tooling and general design of the tooling, wdgidh ultimately
was not used;an be seen iAppendix A

The final tested cutting parameters consisted of four cutting speeds and three feed rates for a total of 12
cutting experimentsummarized irTable7. Therange ofcutting speedsas chosen bfirst selecting
parametesedin Chapter 3of 10 m/min and then expanding to speeds used in industrial shaping.
Higher feed rates weramitially chosen closer t00.1016mnvrev, to align with thechip thicknesses
observed duringhe shaping experimentsiowever, hrough testingit was found that thearbide
insertsweremore prone to shattering tite high feedrates resuting in early chipping/failure of the
cutting edgeather than gradual flank wedrhe depth of cut for all experiments was chosen to be 1
mm as it was a value within thecommended tool parameters whileo being larger than the nose
radius 0f0.397 mm Using this depth of cuthetool is thus cutting with both the nose radius and the
flat side of the tool The wear of the two regions can be compared to ensure there anajoo
differences

Table 7: Tested cutting parametersduring orthogonal analogy testing.
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4.2.4 Machine

A BoehringerGoppingenVDF manuallathe seen inFigure4.5, was usedor the testsThe machine is
equippedwith automatic feedn X andZ axes as well as a digital read out (DR@s it isa manual
lathe the valuesof thefeed rateandspindle speed were limited to discrete staipsnotexactlyalign
with the originally selected cutting parametefastead,the parameters were rounded to the nearest
availablesettingduring implementatiorA CNC lathe would benpreferred due ttheincreased contto
capability, but one was not availablat the time of testingBetween passeshe spindle speed (in
revolutions per minuterpm) wasadjustedo keep thecutting speed asonsistent as possikds material

wasremovedand the workpiece radiudecreasedSimilarly, it wasnot possible to choose exact feed

70



rates to recreattne chip thickness experienced by the gear shaping tool. Indtssdirate was also
rounded to the closeavailable option

Figure 4.5: Manual lathe used for theorthogonal analogywear tests

4.2.5 Wear measurement protocol

The toolwasphotographedsing a DineLite AF7115 digital microscopand the accompanying Dino
Capture softwareBefore any cutting was performedand dter cuting a prescribed distancévo
photographs of the toateretaken onefocusing on the siditank face below the cutting edgend the
second focusing on thep rake face of the insefollowing ISO 3685 standard$e microscopevas
positioned perpendiculdo the surface of interesand the microscopwas held stationary usingra
adjustablestand[36]. The tool wasnanuallypositionedo ensure the area of interest was indhmera
field of view. To ensure the face was in foctise adjustable deptin the microscope stamehasused,
changing the distance between tool and camera untiutiieg edge was within the focal depth of the
cameralmages of the topake surfacewere captured tanonitor for any developmenbf craterwear
that may bevccurring during the cutting procesghich could cause a weakening of the cutting tool or

a drastic failure. Howevecrater wear wasot measuredr quantified for any tool wear modeling

Images of th@ooling wascaptured using thmeasuremengetupshownin Figure4.6 A white cloth

was used below the tool to increase contbesttveen the tool and backgroyradlowing for better
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imaging of theool. Wear was measured from the spfaceof the cutting tool to théarthest location

of wear on the flankace measuring perpendicular to thep rake surfaceas can be seen in the
annotated photo Figure4.7. Tool wear of the cutting inserts was recorded separately for both the
nose radius®d 6 ) annotated PL@nd thetool flank (W 6 ) annotated PLICustom scaling factors
were created using a calibration scale to ensure accurate measurements of the wear valueg@chen vie

on the computer.

Figure 4.6 : Measurement setup for flank wear on thdlank face of the cutting insert
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Figure 4.7: Image showing the measurement of the flank wear oa samplecutting insert.

4.3 Cutting procedure for the analogy test

The experiments were performexh the lathe mounting thefixture in a threejaw chuckusinga live
center in the tailstocto provide end supparas seen ifrigure4.8. Initial tests were performed without
endsupportbut excessiveeflectionoccurredesulting inan inconsisterdepth of cuas the workpiece
rotated Before cutting the workpiece was prepared byrfaéing the outermost edge a consistent
outerdiameterby removing the corners from the square stosinga spare cutterThe carbide inserts
werethen loaded into the tool holder and touched off on the workpiece surfaeetthe digital read
out. The DRO was used to ensure a consistent depthloétouten passeas well ago cuta consistent
length along the workpiece in tEedirection.When performing the cutting experimerdgsincrement
of 25 mm along théength of thepartwas usedetween photographwith the length of material cut
between each image varying with thiectiveradius of the workpiecdncrements o25 mmwere
choseras it was a easily repeatable distantteat divided theotal workpiece length into roughly five
steps ensuring that eadmagingincrement occurred atsamilar radius simplifying analysisSmaller
increments were usddwardsthe start of each triabtbetter capture the rapid initial growth of flank
wear.
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Oncethelength along th& axisis reachedthe spindle it stoppe@ndthe toolis removed from the
lathe and photographeds described irfsection4.2.5 Rapid Tap cutting oilwas usedduring the
experimentsdistributed on the surface of the workpigcas well asthe top of thetool, to provide
lubrication during the cuand reduce temperatunéthe tool Before being photographgithe tool was
cleaned ofany debris or fluidthat may affecthe imagng usingcompressed air aralrag Care was
taken toavoid damaginghe cutting edgesnsuing any developeevear wasa result of cutting and not

unintentionalduring cleaning

Figure 4.8: Experimental setup for the orthogonalanalogytesting process

The cutting process was repeatedmovingl mm depth of cut pass&®m the workpieceuntil the

insert reached theelected flankvearcriterion(w 6 ) of 0.1 mmor the workpiece could no longer

be cut due toinsufficient clearance in the holdewhen the tool reached the6  value the insert
wasreplacedand new cutting parameters were used continuing withutrentworkpiece. If the tool
suffered from catastrophic damageich asmajor chipping the tool was replacedand the next
experiment was started continuing with the same workpiece. If there was no longer clearance to
continue with the workpiecét was replaced anthe new workpieces wermurfaced as previously
described. The testing process was repeated for eachtebthdcutting speeds and feed ratasing

a new tool for each empiment.
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4.4 Tool wear testing r esults

A total of 12tests were performed usitigecoated carbidesertsvaryingbetweerthe selectedutting
speed andfeed rats. Threeof the cuttingtests were repeated due to premature fadéithe cutting
edgecaused by the appearance of chippiiaghagebefore the prescribedahk wear reached the 0.1
mm wearcriterion Whenprematurechippingfailure wasobservedthetest was repeatagsing a new
cutting inserpplyingthe same cutting parameteffiese failuresouldbecaused by a range of issyes
such asheterogenousnaterialor mechanical propertiesf the workpiece In future studies, ore
experimentation must be performed to propedgesshe cause athefailure.

Across the testedutting parametersthe trends in wear progression remained consiskéendssthe
twelve test. As seerin Figure4.9, the top left imaga) showsthecutting inserbefore any cuttingvith
no discernablenvear on the cutting edggndno damage to th#tank faceor the surface of the tool
coating(shown in golgl. As seen ithebottom leftimageb) flank weathasstartedat the top of the tool
and progresseslown the flank face. As the flank wear progres#ias tool coating is worn through
exposing the tool substrate (grey) underneashthe flank wear grows larger surfacéwear land)s
in contact with theut surfaceleading to rubbing@ndcontributing to further flank wear growth. When
this occursboth the tool substrate and coating are in cométtt the workpieceAs theflank wear
progresseshe softer substrateegins to shovareas othipping damaggas seen ithetop rightimage
c). This chippingndicats the substrate wearing faster than the coating ahd toolis morelikely to
experiencewvear by chippingratherthan flank wearThis result aligns with what is known tdol
coatings as they are typicalypplied tatooling as they aremuch harder than the substrdmally, the
tool wear progressess shown irthe bottom rightimage d) with flank wear continuing dowime flank
face wearing outhe tool coatingwhile the chipping damagef the substrate materialso progresses.
This process continues untiletHank wearcriterionis exceeded and the test is endath large chip
in the cutting edge occuending the useful lifef the tool(as shown irFigure4.10). Wear of the
cutting edge occurred in all locations of contact between the tool and workpégiening from the
tip of the tool, around the nose radiaad finally along the flat flank of the tool until the cutting edge
is no longer in contact with the workpied&hile showing the raw measurements in the following,
flank wear is depicted as a function of cutting time, which is a conventional way of representing data
in machining tool wear studies. However, in developing the progrebsmed wear model iA.5,
cutting distance wasonsidered as ainee variableinstead of cutting timeThis is moreapplicable to
the gear shapingvhere aspecific toothor a part of a tootinay spend a large amount of time without
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cutting materiglwhereas other section may engage in far more workpiece material, as was analyzed in
Chapter 3
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Figure 4.9: General wear progression of cutting insert starting with a) unused cutting tool, b)
slight growth of flank wear, c¢) chipping of thetool substrate d)final image before tool failure by

chipping.

Figure 4.10: Example image of toolfailure due to chipping damage.
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Repeatability of wear progression across tests with identical conditions

When performingvear analysis for the purpose of optimizing a cutting proaessmportant that the
wear results obtained are repeatdigenveen tests and that random wear grasitiot dominating the
wear process. Should data be included in alif@omodel that shows extreme outligitanayskew the
model resulting in unreliable predictiorisor these reasoris was important taheckthatthe analogy
testshows repeatable resufts flank wear growthby performingsome of thecutting triak multiple
times. To test this, a trial using a cutting speed of 20 m/min and a feed rate 608MM/rev was
repeated and the wear measurements ofvitbeess compared inFigure4.11. The two trials show
similar results in zone (initial growth) with the first trial lagging slightly behind. The transition to
zone?2 occursat a similar flank wear value in both trials, aroun@0nm. The two trials then follow
similar wear growth until the first trial experiences a jump in wear due to giosgipn the cutting
edge While there is variation in the wear result between the two, iestcurs after thevearcriterion
indicating that the gathered wear results may be applicable to tHéganbdelswith acriterionat or
below 0.1 mm. Should theriterion be increased,the results maycarry less confidencelt is
acknowledged that only a single repeat is not sufficient to guarantee repeatability. In future research,
to improveaccuracyand reliabilityin building wear modelscutting tests should bepeated multiple
times and the wear measuremenshould be averagedvhile also considering their statistical

distributions, andiargeoutliers thaimay skew the resustshould be removed as adequate
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Figure 4.11: Comparison oftwo tri als with the same cutting parameters t@xamine
repeatability of the cutting process

Wear comparison between the flat and corner radiugortions

Wear development was measured for both the corner nose éadius and the flat flanko 6  and
determinedvhether there are any noticeable differences between the two locations on the cutting edge
and which location would exhibitthe highest wear value. When comparing the wear development
across thd 2 cutting parameter groupthew 6  wastypically found to be slightly thatigher than

thew O and was more likely to experience failure by chipping. Of 1Bdests performedll
experiencedailuresby chippingatthe nose radius rather than the flat flank.

Wear comparison acrosarying feed ratewith a constant cutting speed

To determine the largest contributor dalecrease inusefultool life, the recorded datasets can be
grouped to isolate variables and determine trends across the cutting dgtahEimsbmparingacross
staticcutting speeslwith a variabldeed rateseen inFigure4.12, it was found that ther@ereno clear
trends across the four cutting spegdups, contrary to what was expectékhetested feedatevalues
followed similar wear progressisiwithslightvariation inreaching similar flank wear valuessimilar

cuttingtimes The expectation was that with increased feed ratesiramgn increased cutting forces
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caused byhe larger chip thicknestheflank wear would progress faster reaching failure in a shorter
length of material cut and shorter cutting tsrighis relationshipmay change if éargerrange of feed

rates were testaal a largedepth of cutvereused but from the data collectedefinitive trendsacross

the grouped datasetsuld not beobserved WhenobservingFigure4.12 note that the final pointef

each plated dataseare captured just before tool failure in all cases. Measurements of the final wear
value after tool failure were not included the large jmp in wear dominated the plot and obscured
the relevantvear progressiodata.lt is also interesting to note that until the wear criterion on 0.1 mm

is reached, the wear profiles for the same cutting speed but changing feed rate remained fairly similar
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Figure 4.12: Wear progression forvarying feed ratesand constant cutting speed
Wear comparison acrosy/arying cutting speedwith constantfeed rates

When observinghe cutting datasolatingfor constant feed ragroupswhile varying the cutting speed
allowed aclearer trendo be observed from theamedatg asseen inFigure4.13. Generally, it can be
seen thatilgher cutting speedsrereachinghe flank weacriterionin shorter cutting timewith the 40

m/min cutting speed trials reliably reaching the highest flank wear valuesTtiistobservedrend
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matcheghegeneral wear convention seen in ttif@l modelsin whichincreasing cutting speedsuts
in a reduction irtool life (i.e., cutting time)Theother trials follow this convention as well with the 10

m/min trialsresulting in the longest tool life.
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Figure 4.13:Wear progression for groups of constant feed rates and varying cutting speeds.

4.5 Progressi on based wear model

When using a todlife equation such Taylor or Colding singletool life (Y valueobtained froneach
wear testcorresponding to thigank wearcriterion, is used to calibrate the mod€nce calibrated #h
model can be used to predict tool life values for varying cutting paramemsever the estimated

tool life values all correspond to thear criteron (i.e., flank wear limit) that was used to calibrate the

model.
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Should the weatriterionbe changeée.g., to a different flank wear valy@pw modetonstantsvould

need to be calibratedken from adataset corresponding teachingthe new wealimit, which may
necessitate additional testing to be condudtadhermore, a process planner may wishtegrate the
prediction of tool weaprogressiorinside a timedomain simulation modgfor example accurately
capturing the transitiohetweerthe differentwear zonesTo develop a more versatile wear prediction
medanism, which can also be successfully integrated within-diomeain process simulations, in this
thesisa newprogressiorbasedvear model is proposed that considers the incremental development of

flank wear by fitting a two-componenfunction to the collected wear data.

4.5.1 Structure of p roposed wear function

When analyzing the data presentedSection4.4 collected from the orthogonanalogytests and
comparingthe datao the traditional progression of flank wear seefkigure2.4, both zone 1 (rapid
acceleration of wear) and zone 2 (steady growth of flank veaarbe observedVhile zone 3 (rapid
acceleration to failure) is present in some of the wear experinteats is insufficient data across all
tests to reliably include it in the progressive function as many tests were either ended before the tool
reached this zone or thesertfailed due tomajor chippingbefore reaching this zon&o match the
wear progressigratwo-componentnodel(0 ) was developed incorporating both an initial exponential
function labelled ag) , and a linear functigiabelled0d . Theexponential functiorfd ) modelsthe
behavior seen in zone 1 before approaching a steady statewfaileehe linear functiorfd ) models
the linear growth seen in zone BPhe implemented function can be seen in E44) showing the
addition of the two functionsvhile Eg.(4.5) shows the exponentiabmponenandEqg. (4.6) shows
the linearcomponentThe atting speed is represented bywhile 0 represents the cutting distance
(i.e., domain of the functionThe model constants are then represented by a andd . The initial
wearof the cutter is represented byThe value o) affects the steady state valuetloe exponential
function while 0 affects how rapidly the function reaches the valué fith higher valuesncreasing
the initial slope and lower values decreasing. To illustrate the pthéeiwo linear and exponential
functiors as well as thie summation is showim Figure4.14, representing thinear portion in orange,
exponential function in blyeand th& summation in yellow.

v L U (4.4)
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Figure 4.14: lllustration of the linear and exponential portions of theproposed tool wear
function, with n = 0.05, K=0.1, m1 =m2 = 0.0001, QGs5, and on= 20m/min.

When analyzing the experimental data (showfrigure 4.15), it wasobservedhat with increasing
cutting velocity 0 ), the length of cuttinglistance includinghe transition zone wear(i.e.,zone 1)
increasd. Additionally, the amount of cutting distance to reach a given wear critdridng steady
state weaalso increaskas a general trentience, thexponential terrk @D 07 0 0 in Eq.(4.5)

and theslope decreasingrm & 70 0 in Eq.(4.6) were incorporated to captutfeese effects.

The model was first fit to individualatasetsmanually changinghe model constantsghile plottingto
analyze thdit between the calculadeand measured weddsing this processa range of valuefor
model constantsvas found thatoughly fit the datzets Later, the MATLAB Isgr algorithm, an

adaptation of theconjugate gradients methd@0], was usedio solve the least squares problem
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| EAD @ @Eto determinethe constant®, & , andd . The algorithmiteratively minimizes the

residual norm, fting the model constants to the experimental cutting #dfh The 0 andwmatrices

can beseen in Eq(4.7) and Eq(4.8) while thecovector is seen in E¢4.9). The value of , representing

the initial wearwas not found througleast squares fitting but instetfittough averaging the initial
wearacross all tests. Ideallshe initial wear of each tool is zerdlowever due to the employed flank

wear measurement method, measuring from the rake surface to the point of furthest wear on the flank
face, the initial value was found to be an average of 0.0436 mm measured across the used cutting tools

due to the large radius ¢me cutting edge.

V)

5 p QW 2 (4.7
U
0
o d (4.8)
a
© U ¢ (4.9)

As U could not be calibrated using a laresolver, it was calibratednsteadusing an iterativeolution
looping througha range of potential values of while performing the least squares ditiring each
iterationto solvefor the other constants, & , andd . To determinete optimal valuesf model
constantsthe absolutaifferencebetween the calculated model and the measured wear data was found

and thateration ofconstants that minimized thifferencewere chosen for use.

As the number of datapoints in eatperimenvaried,it was found thathe calculated model constants
skewedheplottedwear progressiotowards thalatasets with the largest number of datapoinssead,

a weightedeast squaresolver, Iscov ,was usednhtroducing a weighting matritt so as to allow each
dataset to be considered equathgardless of the number of data pointsen calibrating the model

constants. Thiscov  algorithmreturns the solution that minimizesQ QG wherel @ 6 ®

While feed rate and cutting speed were both varied across the tested parameters, feed rate was not
included in the model as there were no discernable tretated to feed ratdhat could be determined
from the collected cutting data. To ensure the selected model best represented the cytingrizta
of function forms were tested and applied. These different forms varied the number of constants used
and the location within the function but stiflaintaineda two-componentexponential and linear
funcion. The presented model was seledigdalancing various factorsuch as observing the 6f
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overall trends irthe cutting data, minimization of error between the calibrated modelsamdata the

number of model constants used and the number of cutting trials needed to calibrate the model. While
more cutting dataand constants may improve the fhe costs of performing extra experiments may

not alwaysjustify the small gain in predictioaccuracyandmay also bringhe risk of overfitting

4.5.2 Comparison of progression -based model with measured wear data

Using theprocedure explained Secti@n5.1, the progressiorbased weafunction model constants
wereestimated, and have besammarized ifTable8. With the model constantghe flank wearcan

be predicted aafunctionof thecuttingdistance for the different cutting speeds used in the experiments.
As feed rate was natcorporated into thevear modelexperiments sharg the sameutting speedbut
different feedrates would lead tthe prediction ofthe samdlank wear Furthermore, sincthe actual
cutting speed during thehange varydue to the reduction of the workpiece radigsoss passet

find the average cutting speedlue to use in the modéle..,0 in Egs.(4.5) and(4.6)), a weighted
average wagstimatedoased on the actualorkpiece radius and tangential velocity values for each
wear measurement poifthe predicted flank wear progressidos the four different cutting speed

groupsare depictedn Figure4.15.

Table 8: Calculated model constants for thegrogressionbasedwear model

0 0 G a £
1.31| 0.0304]| 0.000859| 0.000123] 0.0436
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Figure 4.15: Comparison of the fitted progressionbasedmodel to the measured cutting data

As shownin Figure4.15, the progressiorbasedvear modebenerallyfits well to the measured cutting

data over the length of tleutting experimentObviously, as the model is only an approximation to

data with scatter, in certain regions the fit is better than in others, but nevertheless, the general trends
are wellcaptured.The absolute and percentage of error in predicting the tool wear atrtssts is:
absolute error: maximuni9.2em, standard deviatiort.07 em. Percentage of error (normalized by
themeasuredool wear for each test): maximulil.5%, standard deviatiors.77%.

As the cutting speethcreasesthe cutting distancentil thewear criteron alsancreasesathough the
tool life in terms ofcuttingtime decreases (p€igure4.13). This implies thawhile the tool wears out
faster (as a function of timeg,largervolumeof materialcan be machineattheelevated cutting speed
with the same cuttdyefore requiring a tool changadicating higheproductivity potential (e.g., more
gears cuts with the same shaping cutt€he physical reasonsehind this observatioshould be

investigated further in future researébpking atthermoemechanical, tribological, anchetallurgical
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aspectsAlso, it is advised that in future modelling, the predictions of the propasepigssiorbased
model be augmented with their statistiopatertaintycharacterizationand larger data sets be used in
calibrating the model.

4.6 Comparison of progression -based model with established tool life models

When proposed a new tool wear model, it is important to compgpeeiigction results with those of
well-established tool wear models, like Taylor and Colding, in terms of replicating the experimental
observationsFor this purpose, in this sectiomtwo-constant Taylor modé€in Eqg. (2.1)) and a five
constant Colding model (E§2.6)) will also be fitted to theollected experimentalata based on a
maximum weacriterionof @ & =0.1 mm When compared twaditional cutting processes such as
milling, turning, and drillingthe chosen weasriterionof 0.1 is low with manyprocesses continuing
with tools at higheflank wear values. Howeveg lower wearlimit may be preferred for shaping as
the profileof the tool has a direct influence on fivefile error of the produced workpieces. Should the
developed flank wegprogress tdiighervalues andnfluence thecutting toothprofile, the produced
workpieces may be negatively affected. In additauming the cutting experiments it was found that
the tools were failingprematurelyduring the testingdue tochippirng, soa lower value was preferred
Thewd = 0.1 mmwas chosems avalue that altest casebadexceededTraditionally, the wear
criterion is chosen for a variety of reasomepending on replacement cost of the tool, resharpening
costs, a prescribed number of parts per, oif the tool wear is affecting the geometric accuracy of
the finished workpiecd=urther investigatiomay be undertaken to optimize the maximum wear value

depending on the goals of the process planners.

Regardless of the modahd wear limit chosenhe calibrationworkflow is the samef-irst, the model
constants must be calculatesing a selection of cutting datarresponding to the time needed to reach
the wearcriterion. For anexperiment to be includethefinal observedvearmust have exceeded the
chosen valueThecutting time (Y corresponding to the weariterion can then bealculatedrom the
dataset for each of the cutting paramgteupsusinglinear interpolationA least squares solvées.g.,
usingMATLAB ) canthenbe usedo calculate the model constaritfie cutting time valuesecorded

from thetwelve experimentbased onthé» & = 0.1 mm criteriorare summarizeth Table9.
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Table 9: Tool life results from the analogy testsbased onyr | 4+ o= 0.1 mmcriterion . Cutting

speed ighe weighted average across all cutsased onthe lengthof cut for each speed

"Qum/rev) | O (m/min) Tl\iﬂrﬁgs(l:r:ﬁ;;
40.6 10.6 138
40.6 20.8 7.21
40.6 28.7 8.17
40.6 37.3 3.86
50.8 9.89 8.98
50.8 208 8.91
50.8 30.9 6.53
50.8 39.9 4.22
63.5 9.78 115
63.5 194 10.2
63.5 322 4.88
63.5 44.0 2.63

46.1Tay | ¢ool dife model

T a y | tootlif@ modek usedfor the analysis of the cutting datan beseenn Eq. (2.1) and Eq(2.4)
for the two and three constant modeéspectivelyTo recap fromChapter 2in the two constamhodel
only the cutting speedl( ) and cutting time") are considerealong withmodel constantd ando .
In the three constant mod&Voxerd squivalentchip thickness™Q) and an additional constantis
introduced The model coefficients were solvedsingthe previously discussdihear least squares
solverfunctionlsqr in MATLAB . Thelsq r solvesa system ofinearequations in the form of Eq.
(4.10) solving for thecoefficients arranged in matriusing theknownregressorin 6 matrix andthe
real (output)vector@ Using this linear structuréhe modelsvererearranged intenatrix-vectorform

seen inEq.(4.11) andEg. (4.12) for the two and three constafaylor models

o e © (4.10)
; : g P 5 v : : g Cl
p .. 1] 1

e é é I I @ g l l ~ ..é I,l (4.11)
(4 p ul 1@ U
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The calculateanodelconstantgor the two constant Taylor modehn be seen ifiable10. As the two
constantTaylor model does not include feed ratiereesetsof modelconstantsvere calibratedusing
thethreedifferentfeed rategroups In addition a fourth set of constants was found udimg full data

set As can be sedihere is variation between the four sets of consttmnsscan be attributed to the fact
that each set is calibrated using four data points and is suscepthintpes in thdata.Regardless of
the variationthe overall wear trends acaptured, correlating the cutting veloc{ty ) to thecutting
time (i.e., tool life,"Y as can be seen Figure4.16. Only one set of model constants was calculated for
the three constant Taylor model as the model contath§pahickness term. The calculated constants
wered TOX,0)] T® ¢,)and0 v &. Using the calculated model constanite curves for the
Taylortool modelcan be calculated and compared to the data points used to calibrate the models. These
plotsare shownn Figure4.16 andFigure4.17.

Table 10: Calculated constants for thewo constantTaylor model.

40.6 50.8 63.5 | All wear
Dataset | um/rev | um/rev | pm/rev | profiles
n 0.939 1.415 0.878 0.955

Ct 146 342 114 141
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Figure 4.16: Calibrated 2 constantTaylor models (solid line) and thedata used to calibrate

them (points).
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Figure 4.17 Calibrated 3 constantTaylor models (solid line) and the data used to calibrate them

(points).

As can be seein Figure4.16 andFigure4.17, while theTaylor modelsuccessfully captures the trend
of the datathere is some deviation between the calculated curvethaddta set. This indicates that
the observedwear progressiodid not preciselyfollow the theoreticaltool life predictions obtained
with the Taylor model andbr thata larger ranger amounbf datapointss needed tdurthercalibrate

the modelAlso, as presented in Sectidr6.3- Tablel13, the two and three parameter models, for the

obtained data set, seem to produce comparable results.

4.6.2 Colding tool life model

The Colding toolife modelis identifiedin the same way as the previously discussed Taylor model
with the difference being the larger number of cutting constahis Colding model use$Vo x e n 6 s
equivalentchip thickness™Q), cutting speedl() and cutting time"Y, while also introducing théve
model constants FChOhG and0 , as seen irEq. (2.6). For the purposes of solvirfigr the model
constants using the least squares sotlierrearranged model shownkq. (2.5) was used anput into

matrix formseen inEq. (4.13). The equatiorseen inEg. (2.7) introducesalternate constants anda
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in place of the Colding constant®fer toAppendix Cfor more information about th@athematical
equivalerceand transformatiobetween two version of théolding mode).

Jiy 1iQiigwy 1iqQ 1iw® P, || no e
iy 1i@iiy 1719 1i49 pill g el l® g
|8 é é & emna nu & o (13
Jivy 1ig iiy iie iig pwigu ull® U

Using the least squares salvéihe constants were solvadsummarized irmable11. Using thesgthe
cutting timeacross a range of cutting speeds was calculidccompared to the datasas showrin
Figure4.18.

Table 11: Calculated onstants for the modified Colding equation

| | a a 0
0.292| -0.233 1.77 0.166 3.38
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Figure 4.18: Calibrated Colding models (solid line) and the data used to calibrate them (points)
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As can be seen ifrigure 4.18 the calibrated Colding modejenerallyproduces a gm fit to the
measured wear data acraedisthree feed rate groupgdowever, die to the low number axperiments
the model may be overfit to outlieBhus,should more cutting data be included the fit may be improved
and any outliers that skew the data removed

4.6.3 Benchmarking proposed progression -based model with Taylor and Colding  wear

models with the experimental data

The predictions of theprogressiorbasedwear modeland the Taylor and Colding modelgere
comparedo the measured cutting data across all cutlaig sets. fie result@resummarized iMable

12 Through this compariseit was found that th®ol life models aligneavith themeasured data with
somecutting groups showing a better fit than others. péeenterror between thpredicted toolife

and measureiol life can be seen ifiable13. It was found that the totife models performed similarly

with an average erraf around 23%fFurthermorethe trials with the highest error were the same across
the three models indicatintpose trials may be outliers. Thogres®n-basedmodel performed
slightly better thanthetool life models with a lower average erranda smaller variance between the
highest and lowest percent eremross thérials. However, with such limiteéxperimentablata it is
earlyto jump to a conclusioan whether more accurate predictions can always be expected. The main

affirming points abouthte proposed progressitrased model are that:

- Tool life predictionsobtained with this new model are consistent with thoam fTaylor and
Colding structures

- The model can generalize to different flank wear limits withmgjuiring refitting of the
parameters, and most importantly,

- The model is highly suitable for integration into tht@main simulation of interrupted cutting

operations, such as gear shaping.
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Table 12 Measured and predictedtool life usingthe Colding, Taylor and progressivemodels

Tool Life (min)
Feed | Cutting
rate speed
B2 |op = | MSomr™) conmant | conm| Motifed | Progressin
>mo| T Oo- . Colding based wear
Cutting Taylor Taylor model model
Data model model
40.6 10.6 13.8 15.0 15.9 15.2 12.0
40.6 20.8 7.21 7.41 7.96 7.92 7.63
40.6 28.7 8.17 5.29 5.72 5.81 6.00
40.6 37.3 3.86 4.02 4.37 4.51 4.90
50.8 9.89 8.98 16.2 15.8 15.9 12.5
50.8 20.8 8.91 7.43 7.40 7.48 7.64
50.8 30.9 6.53 4.89 4.92 4.99 5.66
50.8 39.9 4.22 3.75 3.79 3.86 4.66
63.5 9.78 11.5 16.4 14.9 154 12.6
63.5 19.4 10.2 7.97 735 7.40 8.08
63.5 32.2 4.88 4.70 4.38 4.31 5.49
63.5 44.0 2.63 3.38 3.18 3.08 4.32

93




Table 13 Percent difference betweerthe applied models and the measuretbol life.

TooI_Ln‘e Percent Error
Feed Cutting (min)
rate speed Measured Two Three | \1odified Progression
g oL — from Cutting | COnstant | constant| o400 | pasedwear
>m O T O Taylor Taylor
Data model model model model
40.6 10.6 13.8 9.15% 15.5% 10.2% 12.6%
40.6 20.8 7.21 2.82% 10.4% 9.84% 5.87%
40.6 28.7 8.17 35.2% | 30.0% 28.9% 26.6%
40.6 37.3 3.86 4.19% 13.3% 16.9% 27.1%
50.8 9.89 8.98 80.0% | 76.5% 76.8% 39.6%
50.8 20.8 8.91 16.6% 16.9% 16.1% 14.2%
50.8 30.9 6.53 25.1% | 24.7% 23.6% 13.3%
50.8 39.9 4.22 11.2% 10.3% 8.68% 10.3%
63.5 9.78 11.5 42.4% | 29.5% 34.2% 9.86%
63.5 19.4 10.2 22.0% | 28.0% 27.7% 21.5%
63.5 32.2 4.88 3.74% 10.2% 11.7% 12.6%
63.5 44.0 2.63 28.6% | 20.8% 17.0% 64.3%
Average Error| 23.4% 23.9% 23.5% 21.5%
Standard Deviation| 22.0% 18.2% 18.7% 16.5%

4.7 Conclusions

In this chapteran analogy test for the gear shaping operation was designed andhtestsd range

of cutting parametengsing interrupted tuning tesfBhe wear results wervaluaédand analyzed, and

a newprogressiorbased tool weamodelwas proposed. The progressioased model produced tool

life predictions comparable to establistedl life models, similar to Taylor and Colding and is believed

to be suitable for simulating gradual development of tool wear inside interrupted cutting simulations,

such as gear shaping.

The initial goal of this chapter was to compare w®ar results of the gear shaping experiments
performedin Chapter 3o the developedanalogy testHowever,due to issues encounterelde wear

results obtainedould notbe directly compared to thehapingresults collected iChapter 3This is

because in the shaping experiments, visible tool wear could not be induced (due to machine stiffness
and capacity limitations) and in the analogy testing, similar HSS tooling material let toeitige

development, which required a redesignushing test Nevertheless, a protocol for conducting future
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interrupted cutting tests was developed and validated using different kind of (carbide) tooling and a
novel progressiotrased tool wear model was proposed and evaluated.

Theproposednalogy testindgpllowed a method similar to the one discusse8iantion2.5.2 However,
it has replaced thenodified shaping tool with a moreasily accessibleurning tool with similar
geometryto the cutting edgef a shaping toolThe major difference between the two testhathe
tool is fed axially along the workpiece instead of radially cuttingth gaps.It is anticipated thathe
distance of materiatut or cutting time can be compared to the shaping testsodel or predict flank

wear values

The modified workpiece holdemabled thenalogy testto be performed in an efficient manner with
minimal amount of workpiece stock beingquired.The holding solutionwas developed considering
the expectedutting parameterdut mayrequire modifications should the required cutting parameters

exceed those used in the safety calculatiodgipendix B

When testing the ahogy methodcutting speeds ranging from 10 m/min to 40 m/iauirdlfeed rates
ranging from40.6em/rev t063.5¢ nfrev were testedesulting in 12cutting tests that were used for
the wear analysis. During the testintpe tools would cut specifiedlength of materiato ensure
consistencyandbe photographed favearat certain intervalsThe wear was then measured following
thelSO standardneasurement guideline for single point lathe toolihgvas found during the cutting
tests that the wear followed tlfiest two zones of théraditional three phase flank wear progression.
The third zone was naignificantly observed beforeajor chipping occurredi-or the tested material
(cold rolled 1020 steel) and tool pair (carbidayl cutting condition$t was found that the majdactor
which affectedthe rate othe wearmprogressiomwas the cutting speearhile the effectof feed ratewvas

not discernable

A new progressioithased wear model was proposed, which is able to replicate the general trends
observed in the test datthe model was also compared to the vesliablishedaylor and Colding tool

life modelsfor a flank wear criterion 00.1 mm The proposed model produced consistent tool life
predictions with these modeland in some cases vyields slightly more accurate results. However, the
main advantages of the proposed model are its ability to be integrated inside digidbrtiaie
simulation of inerrupted cutting operations, like gear shaping, and its ability to predict different flank

wear limits without requiring réitting of its parameters.
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Some of the shortcomings of the current study were the limited number of experiments conducted.
Obviously more data, and especially further repeats and broadening the range of testing parameters,
could potentially produce a model witltloser predictions than 151% range. Another interesting
improvement to the model would be incorporating the ability to characterize the uncertainty of the

predictionsbasedfor examplepn using methods likBayesian parameter estimation.

Future studies, pending equipment availability, should focus on testing matching tool and workpiece
materials and cutting conditions between gear shaping and interrupted turning analogy tests, and should
also validate the tool wear progression in gear isigagperations using such a wear model estimated
directly from lathe experiments. Future studies should also aim to charactenue/$ies of the tool

wear phenomendo better understand the reasons for discrepancy (or agreement) between the modeled

and experimentally observed development of tool wear.

Finally, it is recommended to expand the model and research workflow to the machining of different

kinds of metals with different types of tool substrates and coatings.
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Chapter 5

Concl usi ons

5.1 Conclusions

This thesis investigated a framework for studying tool wear modeling in gear shiapiognducting
shaping experiments on a milling machimkeveloping a turning analogy test, and proposing a
progressiorbased wear model which can be integrated ingdigiéal machining simulation.

Gear shaping was performed usiniva-axismilling machinethroughcustom NC codéo express the
required motion between the tool and workpieEke processkinematics were verified through
polygon subtractionsimulation generating a sample workpiece that was compared to an ideal
workpiece Cutting experiments wethenperformedsuccessfullydespitecertainchallenges stemming

from the machine such #se thrust force limit, the potential fapindlerotationaldeflection andthe
runout on the tools that were procufed 1 ). A tatal of 17 workpieces weritgathering flank wear
measurementsetweertheworkpiecesUnfortunately, due to the long process time of 90 minpiézs

part, furthertesting was not feasible. It was also found that the generated workpieces Wmaxe of
guality, showinga maximump r of i | e e rwheo measufed vtld a coardinateasarement
machineas well as burrs and rough flank facéten analyzing the weahnat haddeveloped on the
cutting toolit was found thavery little wear had accumulated acrosstiwth,only showing weaat

the tipsand corner®f the cutting teethWhen compared tdigital simulations of the shaping process,
that had been conductiéte simulated ShapePsoftware, this coincided with tliegionshighestiength

of material cut as well as the highest average chip thicknessesly one tool and cutting speed was
used during the shaping experimemnd®l life models could not be calibratedingthe shaping wear.
Also, the amount of wear was not sufficient for validating a tool wear model at the current point in
researchTo acceleratthegrowthof wearand more easily calibrate a taebarmodel| an analogy test

was designetbr interrupted turning onlathe This was to creatutting conditionspecificallysimilar

to those encountered gear shapindl2 differenttests were performezmbnsideringour cutting speeds
andthreefeed ratesUsing the gathered data, an empirical progressased wear model was proposed,

as a new contribution. Thisvo-componentwear model, capturing the trends in the primary and
secondary wear zones using an exponential and a linear function, was calibrated using the entire wear
progression data. The advantage of this model, over traditional tool life models, like Taylor and

Colding, is that:
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- The model is not calibrated to only one fixed tool wear limit, and can be readily used (without
re-calibration) for different tool wear limits

- The model is highly suitable for integration within a digital simulation environmerkeep
track of and update the localized flank wear values, as a function of the cutting speeds
encountered by each portion of the cutting edgml life models, like Taylor and Colding

cannot achieve this, as they are-padibrated for a set wear criterion.

The predictions of the proposed tool wear model were also compared to predictions from the Taylor
and Colding models, by comparing the predicted tool life for a set flank wear critexion (

TP & &). Taylor and Colding models were able to predict the measured towitlif@n average error
23-24% The proposegrogressiorbased model was able to predict the tool life with around 22%
average error, indicating its comparability in prediction, while being more general and suitable-for time

domainsi mul ation (i .e., oO0digital machiningd) appli

5.2 Future Work

Future workfor this projectshould focus on expanding thestingprocesgo allow for comparisons
between the gear shaping process and the designed analoghitestxpanding the accuracy of the
implemented tool life modelPue to practical consideratioligme limits, machine limitations, ety
the amount of testing performed during the gear shaping expesimastlacking. While th&€NC
machine was able to theoretically reproducestiapingprocessonly a single set of cutting parameters
could betested Furthermore,due to the machindimitations the tested parametemsere not
representative of parametersed in industrial shapin@igher cutting speeds, feed ratasd depths of
cut). Should a dedicated gear shaping machine be asadjerangeof parameters can be tesiedile
developing higher amousbf flank wear on the cutting toois shorter time periods'hroughmore
testing and subsequently mavear data, tool life models and the developed wear progression model
can becalibrated andater used to predict varying tool life values feach node around the tool
perimetebased on thi-process cutting conditionsuch axhip thickness and cutting speé&ahally,
the calculatedool life values can benplemented into ShapePwdth the intention of Bowing process

plannerdurtherflexibility during optimization of theshaping process.

The analogyprocessvas used in a range of tests varyigh cutting speeds and feed ratesile the
collected wear data was used to calibrate the Taylor and Colding tool life models as well as the newly
developedwear progressionmodel. However, only a single test was performed at each cutting

98



parameter pair and was simply repeated if the test failed before reaching tleeteran Future work
should perform multiple testausing the same cutting parametéos ascertainrepeatability and
variability of the analogytest andimprove the consistency between the calibrated model and the
measured wear observed during testing.

The implemented tool life models wecalibrated using a leastjuares fitting methotolating the
I TUC termin the matrix form A reduction in model error may be found if the model is rearranged
isolating for the tool life i( T "§) term instead. An example of thimn be seen idppendix D
Additional variations of the tool life modetd methods to approximate the model constants should
be performed toninimize the error between tlvalculated tool lifevalues to the tool lifedund in the

experimentatutting data.

While the tool wear model was curfieas an empiricatnathematical function, future research should
also target characterizing the uncertainfythe prediction, using methods like Bayesian parameter
estimation[62]. Additionally, it is recommendetb expand thgrogressiorbasedwear model to the
cutting of different kinds of metals, with tools of different kinds of substrates and coatings.
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