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Abstract

In the machining industry, there is a constant need to increase productivity while also maintaining
dimensional tolerances and good surface qudtity many classical machining operations (e.g. milling,
turning, and broachingyesearch has been estaldidithat is ble to predict the part qualityased on
process parameters, wor kpiece material, and the
planners to design their programs virtually to maximize productivity while megimgpecified pat

guality. To accomplish thist is necessaryo predict the cutting forces during the machining operation.
This can be done using analytical equations for a lot of operations; however, in more recent research for
complicated processes (e.gafis milling, gear hobbing}his is done by calculating the cutigorkpiece
engagement with geometric CAD modellers and calculating incremental cutting forces along the cutting
edge. With knowledge of the cutting forces, statidlectionsand dynamicvibrationsof the tool and
workpiece can be calculated which is one of the most prominent contributors to dimensional part
inaccuracies and poasurface quality in machining. The research presented in this thesis aims to achieve
similar goals for the gear shaping prsse

Gear shaping is one of the most prominent methods of machining cylindrical gears. More specifically, it is
the most prominent method for generating internal gears which are a major component in planetary gear
boxes. The gear shaping process uses afiaddixternal gear as a cutting tool which reciprocates up and
down to cut the teeth in the workpiece. Simultaneously, the tool and workpiece are also rotating
proportionally to their gear ratio which emulate the rolling of two gears. During the begofréagh gear
shaping pasghe tool is radially fed into the workpiece until the desired depth of agaishedIn this

study, the three kinematic components (reciprocating feed, rotary feed, and radial feed) are mathematically
modelled using analyticaquations and experimentally verified using captured CNC signals from the

controller of a Liebherr LSE500 gear shaping machine.

To predict cutting forces in gear shaping, th&erworkpiece engageme(EWE)is calculated at discrete

time stepsausinga discrete solid modeller called ModuleWorlsom the CWE in dexel fornthe twoe
dimensional chip geometry is reconstructed using Delaunay triangulation and alpha shape reconstruction
which is then used to determine the undeformed chip area along the edjegrhe cutting edge is
discretized into nodes with varying cutting direcdtangential, feed, and radial), inclination angle, and

rake angle. If engaged in cutting duringnae step, each node contribuggsincremental three dimensional

force vecto calculated with the oblique cutting force modéding a 3axis dynamometer, the cutting force



prediction algorithm was experimentally verified on a variety of processes and gears which included an
internal spur gear, external spur gear, and externiabhgkar.The simulated and measured force profiles
correlate very closelgabout 310% RMS errorwith the most error occurring in the external helical gear
case. These erromsay beattributable due to rubbing of the tool whiighevidentthroughvisible gouges

on the finished workpiece, tool wear on the helical gear shapedjféer@ntcutting speed than the process

for which the cutting coefficientwere calibrated.More experiments areeededo verify the sources of

error in the helical gear case.

To simulate elastic tool defl ection in igpaatr shap
hammer testingThen, based otihe predicted cuttintprce theelasticdeflection of the toadis calculatedat

each time stepTo examine the affeatf tool deflectionon the final quality of the gear, a virtual gear
measurement modulis developed and usei predictthe involute profile deviations in the virtually

machined part. Simulated and measured profile deviations were compareadéqassexternal spur gear

process and @vo-passexternal spur gear proce3$e simulated profile errors correlatery well with the

measured profilesn the left flank of the workpiechoweveradditionalresearch is needed to improve the

accuracy of the modeln the right flank Furthermore, the model also serves as a basis for future research

in dyamicvibrations in gear shaping.

The abovementioned algorithms have been implemented intmkcalled ShapePRO (developed in C++)
The software isneant for procgs planners tbe able tasimulate the gear shaping operation virtually and
inspectthe resulting quality of the geafAccordingly, the user may iterate the process parameters to

maxi mi ze productivity while meeting the customer 6
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Chapter 1

|l ntroducti on

1.1 Gear Shaping

Gear shaping is one of the prominent methods of manufacturing cylindrical gears. It is a generating process
which uses a modified cylindrical geas a toothat axially reciproatesup and down to cut thieethin the
workpiece(shown inFigure1.1). The cutter and workpiece continuously rotate during the cutting action
which simulate theolling of two gearsand, at the beginning of the process, the cutter is radidlinto

the workpiece until it reaches the final depth of €dmpared to gear hobbirfgyhich uses a worm gear

cutter) gear shaping is generally not as productive, however i® wensatile[1]. For example, gear
hobbing is unable to generate internal gears argy@ith geometric constraintghich would interfere with

agear hob. Furthermore, gear shapimay be used as a finishing operation of haedegear$2]. Therefore,

it is important to have an understanding of pigsicsof the operation to improve productivity and the
quality of the machined gears.

— Gear shaper cutter

Workpiece

Ll .
1\ L~

Figure 1.1: Gear shaping process

1.2 Thesis Objectives

The objective of this thesisto conduct research in the cutting mechanics of gear shaping which will serve

as a basis for machining simulation tools that allow process planners to optimize their programs.



Specifically, the goal is to develop a virtual model of the gear shaping process which is capable of predicting

the threedimensionakthip geometrycutting forces, static tool/workpiece deflections, and vibrations.

1.3 Thesis Layout

In Chapter 2a literature review is presented on existing researgériaral and geanachining. In classical
machining operations (such as turning, milling, and drilling), chip geonasttycutting forces can be
calculated using analytical expressions. Furthermore, there existughoresearch irelastic tool
deflections and dynamic (chatter) vibratiadnstheseoperationswhich allow for accurate prediction of
machinedpart quality. This allows for process planners to design their programs to maximize material
removal rate while maintaining a specified part quality and awpizhatter vibrations that would otherwise
lead to premature tool wear/breakaddéowever, due to the complex nématics and complicated
cutter/workpiece geometries in gear shaping, there is a lack of research otitigeraethanics in gear
shaping, which has been the main motivation of this thesis.

The kinematics of the gear shaping are mathematically describ&thdpter 3 Gears are normally
manufactured in two to three passes; at least one roughing and one finishing pass. Each pass is defined by
its cuttingfrequency(reciprocating motion), rotary feed (rolling of thatter and workpiege and radial

feed which establishes the depth of cut for the pass. Using signals taken directly from the CN{@rcontrol

of a Liebherr LSE500 gear shaping machine, the kinemdi#ase beenvalidated by comparing the
measured and simulated position of the ta workpiece

Chapter 4oresents a model for predicting chip geometries and cuttings in the gear shaping process.

A discrete solid modeller that usemilti-dexel volume to represent the workpiece is used to calculate the
cutterworkpiece engagement (CWE) at each time step during the process. The CWE is obtained in dexel
format, andhe chip crossection is reconstructed using Delaunay triangulation and alpha shape method.
By discretizing the tool cutting edge into nodes with varying cutting diregtinclination angle, and rake

angle, incremental cutting forces are determined ategjiated to obtain the force vector for the time step.
Several case studies are presented which show good correlation between expbrimeatalredand
simulated cuthg forces in three directions. The most discrepancy occurred in the helical geag siaagis

where further study is needed to verify the sources of error.

A basic model for elastic deflection ofetiool is presented i@hapter 5The static stiffiess at the bottom
of the gear shaper cutterdsaracterizethrough modal hammer testing of the machine. Using the estimated

stiffness, a feedback loop is established which calculates the deflection of the tool based on the cutting
2



forces at the previousime step. A virtuabearmeasurement systemvhich analyzes crossections of the
gear, is used toalculate the profile deviations of the tooth profiles inrttechinedgears. Experimental
measurements shogood correlation between the simulated and suead profiles, however further

research is needed to improve the simulated results.

Lastly, Chapter 6gives an overview of the ShapePRO software which has been developed based on the
presented research. ShapePRO is capable of predicting the cutting forces, tool deflections, and machined
gear quality during gear shaping and is meant to be used as a oldess planners in industry to optimize

their programs.



Chapter 2

Literature Revi ew

2.1 Introduction

In machining research, increasing the productivity (material remova) wdtié® maintaining or improving
the quality of the machined workpiece is dfnast priorty. In general, the limiting factors for achieving

these goals are:

0 Process stability (forced and chatter vibrations lead to poor surface quality and tool breakage/wear
due to unstable cutting forces)

o0 Tool/machine rigidity ¢lasticdeflectionsof the toolrelative to the workpiecdue to cutting forces
lead to dimensional errors of the finished workpiece)

o Tool and workpiece overheating.

In classical machining operations (e.g. milling, turning, and drilling) these phenomena have been
thoroughly researchednd, in industry, the research isow methodically being applied to improve
productivity and quality. In gear machining, however, this area of reseasthirsits infancy dueto the
complex nature of the processes used to magw@nes. This chaptergsents an overview of the existing
machining research in the literature. Secohtalks about some of the research infile&l of classical

machining operatias, and Sectiof.3talks abouthe existing research in the field of gear machining.

2.2 Classical Machining Literature

In order to be able to predict the procesitga and machined part quality, it is essential to be able to
predict the chip geometry and cutting forces in any machining operitticiassical machining operatigns

the chip geometry can usually be calculated with analyggpressionsas a function of the process
parameters and tool geometry. Using a mechanistic approach, the cutting forces can be predicted by
determininghe varying chip thickness and width along the cutting edgecalculating incremental cutting

forces with an ortbgonal or oblique cutting moddkor example,n thesimple case of turning, the chip
geometryis a function of the axial feealte, radial depth of cut, and the geometry ofttimeingtool. For
calculation of the cutting forces, the chipdsalyzed irtwo sectionsthe tool nose radius zone and straight

edge zong3] [4] [5]. The chip thickness varies along the tool nose radius zone and so the cutting force is

calculaed by discretizing the chip into small segments and integréttiegncremental cutting forces.
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Although more complicated, similarathods are applied tbe calculation otutting forces in milling6]
[7] [8], multi-point thread turning9], drilling [10] [11], and broachinff 2] [13].

In recent literature, CAD software has been used to calculate thewatigriece engagement in more
complicated processes. In milling, for example, cutting forces can be calculated analytically if the axial
depth of cutfeedate, andool immersion is known, however, faomplicated workpieces machined with

long CNC programs, CAD software is often needed to determine the depth of cut and tool imrersion
do this,theintersection of the tool and workpieisecalculated and the workpiece mntinuouslyupdated

This method is shown if14] [15] [16] for 3-axis milling, extended to-&xis milling in[17], and shown for
broaching i18]. In [14] - [18], exact solid modellers (using boundary representation) are used to model
the workpieces. Although boundary representation is accurate, it cawbaslunstablgdue to excessive
computationwith complicated workpieces. Discrete modellers (such as dexel represeraegaad used

for modelling workpiece§[19] for example)which offers bettercomputationakpeed ad robustness.

With knowledge of the cutting forces, elastic deflections of the tool marconsideredo predict
dimensional errorand surface quality of machinedrfacesBudak and Altintag20] modelleda helical

end mill as a cantilevebeam with a flexible fixture. Analytical expressions are used for calculating the
cutting forces, the elastic deflection of the tool, and the expected surface errors. Experiments showed good
agreement in the predictedrface quality and dimensional error. Moreover, using this information, they
developeda method of identifying the optimal feedrates and depth of cut which madntieematerial

removal rate while maintaining a specified maximum effais work was extenedin [21] which used a

finite element modelREM) to calculate the flexibilities in thin walled workpieces. Workpiece flexibilities

are also modelled in turnifg2] to predict dimensional errora the turned workpiece.

Moreover dynamic deflectionsof the tool (forced and chatter vibrations) limit the productivity of
machining processes as well as cause severe tool wear, tool breakageoasadrface quality.By
characterizing the dynamics attlcontact point between the cutter and workpigith modal transfer
functions and considering the regeneratolgp thickness mechanisrfFigure 2.1), the seHexcited
vibrations inmachining can be predictdd3] [24] [25]. Due tostructural modg of the machine being
excited by cutting forces, a wavy surface pattepréslucedoy the cutterSubsequentlythe chip thickness
also becomes oscillatowyhich resultsn unstableandlargeoscillatorycutting forces until the tool breaks
or jumps out of the cutsing these theories, stability lobes can be determined {arfthiniling [26] [27],

ball-end milling[28], plunge milling[29], 5-axis flank milling[30], turning/boring[31], and broaching
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[32]. Stability lobes allow for process plansa&r choose spindle speeds anuting depthshatmaximizes
productivitywhile avoidingchatter vibrationsvhich ensurghigh quality of the workpiece, andaximizes
tool life.

oo —
Workpiece  vibration marks

i left by tooth () | >li

SOOI,

vibration marks
left by tooth;(j-1)

}bration marks
left by tooth (j-2)

Figure 2.1: 2D dynamic analysis in milling (froff27]).

2.3 Gear Machining Literature

Since gear hobbing and gear shaping aréwleemost prominent methods for manufacturing cylindrical
gears, this section will focus on the review oéiiétture forthose two processes. However, there is some
cutting mechangresearch in other processas wel|l such as bevel gear cuttifi§3], generating gear
grinding[34], and gear shavings].

2.3.1 Gear Hobbing

In gear hobbing, there has been extensive research in chip formation and cutting forces. Howe\ger, there i

little research inelastictool deflection and vibrations during the process. Several studies have been

performed in CAD based process simulation for gear hobbing. Klocke [86h8developed a software

(called SPARTAprp cgpable of calculating the cuttgrorkpiece engagement and cutting forces in gear

hobbing. Using a unique finite element approach, the workpiece is represented with an array of planes
6



perpendicular to the axis of the geBinen,2D chip geometry is determiden each plane by a penetration
calculation between the cutter and workpiece. The chip -s@sions are discretized into volumetric
elements and cutting forces are determined. Some experimental validation is presented in the form of
spindle torgue whicehowed adequate correlation between the simulated and measured profiles. They also
studied the correlation between certain characteristics from the process simulation to the occurrence of
surface defects in the finished gear (weldedchis and smearedreas)[37]. Furthermore, the model was
extended to be able to predict profile deviations as a result of certain process errors (tool clamp eccentricity
and tool tooth profile errorgB8]. TapoglouandAntoniadis[39] created a similamodel (called HOB3D)

which usesa commercial CAD software to calculate the cutterkpiece engagement and is capable of
calculating the cutting forces. The 3D chip geometry is sectionedxtanes which correspond to different
revolved positions of the hob. The chip sectionspamitionedinto rectangles and incremental cutting
forces aredetermined(Figure 2.2). Experimental validation is shown for the cutting forces in three
directions which show good correlatiddabkhiet al. also showed a similar mode[49].

Revolving Positions

Cutting
Direction

/

Chip Cross-section

detail A

)
-

Cutting
Plane
Trailing Y equivalent
Flank ‘ rectangle
chip X
2 ¢/ ; : Elementary Force
E Tooth Coordinate Leading Components

System (1)

Flank

Kienzle-Victor’s eq.
)

1-
F=K;b h( 5 Forces on Y axis Forces on Z axis
) 0 160
m=3.79 mm, d,=150 mm, Forces on X axis \‘
a,=20°, n=9, h,=0", 80 ——
_ n 2 i a [daN] N [daN] [daN] /,
z,/2,=1/56, f,=4mm/wreyv, N
16MnCr5BG, v=120m/min : -160 oL \|
Material coefficients: 0 8 16 0 8 16 0 8 16
K, K, K¢ Revolving Position Revolving Position Revolving Position

Figure 2.2: Cutting force prediction in HOB3[from [39]).

FEM models of the hobbing process have also been established. Using loading conditions calmumated fr

CAD based cuttingsimulation, Antoniadiset al.[41] created an FEM model of a hohbitool which
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calculated stresses and strain on the hob tooth. Theexgdd on prediction of tool failure due to fatigue
mechanisms and how to design the hobbioggss to lower the chances of premature tool faiBwazakis

et al.[42] created an FEM simulation of hobbing during the generation of a single tooth gadpfadised

on the prediction of chip flow obstruction and chip isidin, while also being able to predict stresses, strain,

and temperature. Furthermore, several other FEM based studies have been performed on tool wear
mechanisms and the effect of process parameters on the distribution of tool wear on the [g&[4¥b

[45].

2.3.2 Gear Shaping

In gear shaping, there has been some study in chip formation duiimgcHowever there is little
published research in the cutting forcelsstictool deflections, and vibration¥here exists severalo-
dimensionalmodels which can predict t2D generateatrosssectionof the workpiece. By tracing the
trochoidalpath of the shaper cutter on a pléoensideing the tool geometry and process paraméténg
generated tooth profile can be mathematically determifieid model is showim [46] which focused on
the effects of asymmetric teeth andfiilets, in [47] whichfocused orthe effeciof protuberance and semi
topping, in[48] which focused on the effect tifie gear ratian internalgeargenerationandin [49] which
focused on the generatiof noncirculargearsBouzakisandKoénig [50] studiedthe typical 2D chip cross
sections found in a gear shaping procsdanalyzed their effects on the chip flow and tool wear. They
concluded thabased orthe width of the tip of the teeth on the gear shaper, theréffaneedt crosssections

of chip which will result in better tool life characteristics due to the way the chips flow off the rake face
(Figure2.3). Although this information isnteresting there isonly limited insightpresented on how to use
the researctotimprove shaper cutter desigmsimprove process productivity.



width of the flank wear VB

Dattaet al. created aREM model of the gear shaping operati¢fl]. They used temodetetrahedral
elements to represent the gear cutter and assumed different loading conditions to predicssthe stre
distribution on the gear shaper cutt€he work was extended ifp2] which analyzedhe stress and
deflection ofthe tool under different cutting procgzarameters (cutting speed, feste, and depth of cut).

The analysis, however, used empirical cutting forces, lacked experimental validatidogamprovide

L | |
mm| A J=(E number of spaces per cutter tooth: 90
0,8 o ! <
- l - /
measuring point Y
0,6 \
\A
N, /
e
N —Z—
L
T~
| ]
0 0,5 1,0 1,5 2.0 mm 3,0

Figure 2.3: Influence of tool tip width and chip crosgction on tool wear (frofs0]).

width of land at tip of cutter tooth SAL

any insight on the effect of the tool deflectiomsvaorkpiece quality.

2.4 Conclusions

From the studied literaturé,is clear thathere is a lack of a complete model for three dimensional chip
geometry and cutting forces in gear shaping. Furthermore, there is a lack dhstilastictool deflection
andvibrations during the process whialould allow for the accurate prediction of workpiece quality. The
research presented in this thesis includes a complete three dimensoaighdf chip geometry, cutting
forces, and a model for tool deflecticdlotheat hor 6 s
to the gear shaping proce3#e research also servesadsasis for future research in vibratiprediction

for thegear shapingrocess

best

k nowl eddngregard i t

chip cross section

@
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Chapter 3

Ki nematics of Gear Shaping

3.1 Introduction

In this chapter, the kinematics of the gear shaping process are described in detail. The motion involved in
the process isomplexas both the cutter and workpiece are moving simultanedlisé/kinematicgan be
considered a superimposition of three difg components: the reciprocating motion, rotary feed motion,

and radial feed motiorrigure3.1 shows these components fmth internal and external gear generation

Internal Gear External Gear
C
9
o
=
=
g I NI
O
g Ret %l 7
é % / st?oLlI(rg Workpiece Fs{t?':[)ukrg %{(/{/{%
[ ¥
Cutti Cultti
<troke <troks
O
E Rotary feed
©
B
2
©
E .
: el
(nd

Workpiece

Workpiece

Figure 3.1: Kinematic components in gear shaping

The reciprocating motion moves the cutter up and down whitdtheteeth in the workpiecéuring the
return stroke, there is backf motion which prevents the toaiutting edgefrom rubbing against the

workpiece while moving up. Although the baokK motion is important for ensuring goapliality of the
10



finished gear, the motion does not affée position of the tool during cutting and therefore is not included

in the kinematic modelThe cutter and workpiedaoth have rotary feeds which rotate proportionally to

their gearatio. There is radial motion of the tool at the beginning of eactingupass which slowly feeds

the cutter into the workpiece to avoid overloading the tool. In internal gear shaping, the tool radial feed
moves away from the center of the workpiece and the rotary feeds are in the same direction. In external
gear shapinghte tool radial feed moves towards the center of the workpiece and the rotary feeds are in the
opposite directionFurthermore, for helical gears, there is additional cutter rotation while reciprocating
following the helical profile of the gear teeth.

In general, the magnitude of the rotary and radial feeds are proportiotied generated chip thickness
while the frequency of the reciprocating motion is proportional to the cutting Sppettek remainder of

this chapterSection3.2 talks about the basic gear nomenclature necessary for understanding the process,
Section3.3 describes the geometry of the cutter and workpiece, Se&#danathematically describes the
kinematics components of gear shaping, and Se8tdahows experimental validation of the kinematic

model.

3.2 Gear Terminology

Before the kinematics of gear shaping is described in detail, basic gear terminology and nomenclature must
first be established here are four possible types of cylindrical gearsch can be generated with gear
shaping spur internal, spur external, helical internal, and helical external. Spur gears have straight teeth
(parallel to the axis of rotation), whikeelical gears have teeth which follow a helix profile around the axis

of rotation. External gears have teeth ondhtsidecircle of a cylinder, while internal gears have teeth on

theinsidecircle of a ring.

As shown inFigure 3.2, two different planes can be defined for the gear teeth. The transverse plane which
is perpendicular to the axis of rotation, and the noptzadewhich is perpendicular to the helix of ttzath.

For spur gears, the normal plane and transverse plane are cointidgetr design, the gear data
parameters are tymtly given on the normal plane, however it is convenient to construct the gear profile
on the transverse plariEhe number of teth on the gear is given By, the helix angle of the gearfis(f

mtfor spur gears), anthé face width of the gear is given &y
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Figure 3.2: Transverse plane and normal plane in spur and helicad. gear
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Figure 3.3: Basic gear geometry
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Figure 3.3 illustrates basic gear geometry and nomenclature for both internal and externalrgtaes
transvers@lane The size of the gear is proportional totinsversenoduled which is given in units of

lengh. The transverse module can be calculated from the normal ntodwle:

a — [53] (3.1)

Thepitchcircle radius andbasecirclei radius are given by:

i — [53] (3.2)
i i AlrO [53] (3.3
Here,[ is thetransversgressure angle which is defined as the angle tangent to the tooth profile at the

pitch radiusThe transverse pressure angle can be calculated from the normal pressure asgle

r OAl —— [53] (3.4)

Each tooth begins at the root (dedendum circle) and ends siptfadiendum circle) where eadide
(flank) of the tooth ighe involuteprofile of thebase circleTheradius of theaddendum and dedendum

circlesi are given by:

i i 7Q (3.5)

i i 7Q (3.6)
for external ear

i P . g (3.7)
p for internal gear

In a standard profileéQ & andQ p& w [54], howevertheseare often modified to nestandard

valueson gear shaper cutters

Thecirculartooth thickness at an arbitrary radius given byi :

i 1 — ¢ EIfTO ET AARO &l 1 [53] (3.8)
ET-6 OAF —[53] (3.9)
i — Tcan OAT [53] (3.10)

Here,i is the tooth thickness at the pitch radius ard a profile modification factor which affects the

thickness of the teeth. In a standard profibe, 1, however manufactured gears often have slight profile

shiftsdue to errors in the manufacturing procdasparticular with gear shaping, gear shapetecs are
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often oversized or undersized due to the regrinding process which results in profile shiftgsbyidziggire

3.4 shows howhe profile modification factor affects the tooth thicknesses.

External Gear Internal Gear

—x=0.00

Figure 3.4: Gear tooth profile shift.

Finally, there are often fillets connecting the root to the flanks and the tip to the flanks. The tipdilist

is given byi g gand the root filletadiusis given byigyi i ¢

3.3 Cutter and Workpiece Geometry

Gear shper cutters take the form ofodified cylindical externalgeas. The shaper cutter must have the
same module, pressure angle, and helix angle of the desired manufactur@th@éeeth are of involute
profiles to generate involute profiles in the workqgghere is increased addendum which cieatilitional
clearance in the root of the produced gaad there are sevenalief angleswhich arecut into the shaper
cutter[55]. Figure3.5 shows the design of a generic shaper cuftee.bottom face of the cutter has a rake
angle(denoted by ) which forms a conical cutting fade the spur shaper caéghown inFigure3.6 left)
and allows for easier chifow. The rake angle in a typical shaper cutter is betwéem@ +10, however
can be negative for finishing of hardened gdais Additionally, there is side clearan@and outside
diameter clearance angleut into the teeth whicprevent rubbing of the cutter teeth onto the workpiece
teeth.The side clearance angle is typically®l-.2°, and the outsiddiameter angle is typically°2 4° [55].

In the helical gear shaper case, each tooth has its own rake face (sttogur&3.6 right) which has the
effect of the rake angle and helix angle. The mathematical modelling of the rake 'eaeh casés

described in Sectiof.4.1
14
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Cross-section view

Outside Diameter |
Clearance Angle

R3

Rake Angle, a —f

Figure 3.5: Gear shaperlief angles

Figure 3.6: Comparison of spur geanaper from [56]) and helical gear shapdrdm [57]).

Although workpiece blank geometry can be complicated for real gearbox parts, for the purpose of
investigating the machining process, the geometry can be simplified to a cylinder for external gears and a
ring for internal gears. For external geathe outer diameter of the cylinder is equal to the addendum
diameter of the desired gear. For internal gears, the inner diameter of the ring is equal to the addendum
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diameter of the desired gear and the outer diameter is arbitrary as long as @rishlangthe dedendum

diameter.
3.4 Kinematics

3.4.1 Coordinate Systems

Several different coordinatsystems can be defined for convenience in different parts gétlieshaping

analysis Figure3.7 illustrates three different coordinate systems:

0 Machine coordinate system (MC8&) the world coordinate system is the stationary coordinate
system in which the cutter and workpiece can bmddfin absolute coordinates. This coordinate

system is convenient for performing modal analysis of the machine.

0 Workpiece coordinate system (WCS) is the coordinate system in which the observer is rotating
with the gear. This coordinate system is convarfir measuring the cutting forcesitis eagest
to attach a dynamometer to the workpiece fixture.

0 Tool coordinate system (TCS) is the coordinate system in which the observer is rotating and
translatingwith the cutter. This coordinate system is coneenfor representingand defining
the cutting edge.

Thekinematics ofgear shaping can be describweith four variables: the axial rotation of thatter%. o,

the axial rotation of the gear workpie@®@ 0 , the centeto-center distance between thetter and
workpiecei 0, and the vertical position of the tomlo . For generalization of the process, the origin of

the MCS can be assumed to be coincident with the origin of the WCS. Therefore, the homogenous

transformations of thevorkpieceandtool relative to the MCS can be defined as:

AT% o OB4h 0 m m

Y o OB 0 Al% 060 m m (3.11)
I Lt p T
s Lt m p
A% o OBbo m 10

v OB 0 Al%o m n (3.12
s Lt p o

I I m p
For the cutting simulation, it is convenient to keep the workpiece stationary and represent the tool in the

WCS. The transformation between the tool and the workpiece can then be calculated as:

16



Here, %o

NZ\ 1% ©
O Béb

Tt

0

0 %0

u T

OBd o
AlT% o
Tt
Tt

s
s
Y

Tt

i 0AT% 0O -

L0 0Bk o
Qo
p

>
I

U

(3.19

%o O is the relative angular position between the cutter and §eations3.4.2

- 3.4.4below will describe how the four variablgs ¢ i 0 P60 O 6 © ) are determined.

External Gear

Internal Gear

Mcs

Mcs

Z

MCS: Machine Coordinate System
TCS: Tool Coordinate System
WCS: Workpiece Coordinate System

Workpiece

Workpiece

Figure 3.7: Coordinate systems in gear shaping
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3.4.2 Reciprocating Motion

In modern gear shaping machines, the reciprocating motion is accomplished using a slider crank mechanism
as illustrated irFigure3.8a. The length of the crank rod is CNC controlled which governs the length of the
cuttingstroke, hence the crank rod lengtm@ s g ¢ Th€ connecting rod lengtl ; s a constant which

is a parameter of the machine. The stroke length is a function of the workpiece face width and tool overruns
(Booi k@ Bi p %Ki odas illustrated irFigure3.8b. Thed axis datum is defined at the top of the
workpiece and is positive above the workpi€Elee cutting stroke frequenc@ gis normally defined in

units of DS/minin industry(double strokes per mirte where a double stroke is one cutting strokkaare

return strokg therefore the cutting stroke frequencyexpressed in engineering units is:

$3 ¢
33 14
1 5 roP—E I:)_(pn (319

Y
chop, Overrun top
N
1 L A A
A
£
o
G
© b, gear face width
>
o
@ ;
é v Workpiece
A
dbottom, OVErrun bottom
Tool v v
[T [ o
(a) Slider-crank mechanism (b) Stroke length and tool overrun

Figure 3.8: Reciprocating motion kinematics
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Using trigonometric relationships, the reciprocating motion from the glidetk mechanism can be

expressed as:

a0 Qi p M@ ooipeaAT100 Qi1 T®QoeoPE 0 xR (3.15)
However, this can be simplified to a pure sinusoidal equation without the effect of thecsdicler
mechanism:

ao Q T 60ip AAT10 0 (3.19)
Figure 3.9 shows a comparison of the two above equations for a single strok@with p, © p Tt
Q p,Q L T, 7and a stroke frequency of 400 Bi. The maximum difference between the
two profiles is about 0.03 mm, therefdhe puresinusoidal equation is a very close approximation of the

full slider-crank equation anith most casesan be used as a substitute.

5 T ]
P re Sinusoidal Slider—Crank

z(t) [mm]

E ) '
E 0 ;
] 3
S -0.02+ ‘ .
S ‘
" ~0.04 ‘ i
0 0.05 01 0.15
Time [sec]

Figure 3.9: Slidercrank vs pure sinusoidal motion

3.4.3 Rotary Feed Motion

The rotary feeds of the workpiece can be expressed as a function of a single process p@ragmgigigh
is given in units of mm/DS (millimetsper double stroke)lhe rotational velocity of the workpiede )
can be solved as:
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OAA . i Q =
1 = IOA%Q#I (317

Here,i is the pitch radius of the gear (workpiecEherefore, the rotationglosition of the workpiece
(%0) is simply:

% 0 1 O (3.18
The rotational position of the toffo) is a function othe workpiece rotation and the vertical position of
the tool. The tool must rakas the workpiece rotates to emulatertiiing of the gearsFor helical gears,

the tool mustlsorotate while reciprocating following the profile of the helical teeth. The rotation of the

cutter can be expressed as:

, 1T . ao OAl
%
o O o 'TIOET . ‘.I. - (3.19)
cAAco iFPBFRAT 6
Y 6T (3.20)

Here,Yis the gear ratio between the cutter and workpiandi is the pitch radius of the cutter

3.4.4 Radial Feed Motion

A gear shaping process consists of one or more cutting passes (usually 1 or 2 roughing passes and 1 finishing
pass). Each pass removes some radial depth of cut which can be defined using the-center radial
distanced g ¢ sandi A 1 .AFor internalgears,ig g 4 olg 1.4and for external gearsg g 4 ol 1 -aT able 3.1

shows how these radial distances are determined féBtBetting pass it number of passes.

Table 3.1 Cutting pass radial distances

Cutting Pass
First Intermediate Last
Q p P Q¢ |Q R p
1604 16AOADA i i
TAT A IOOAIOTOQ&OOEESS 106400 %64 i

Here, % ¢ i the depth of cut specified for the pagss o apla T 1 IS the scraping distance (the radial

distance at which the addendum of the cutter just touches the addendum of the workpiéce), and
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T 1 is thefinal nominal centeto-center distance (in practide, is often manuajl overridden to correct

for tooth thickness errors in the finished gear).

There area couple different radiahfeed strategies which exist. The most common method is Radial with
Rotary (RwR) in which the cutter is radially fed into the workpiece whilsiusaneously rotating.
Typically, the infeed motion is defined by radial feed at start of inf&g 4 ¢ 4 ) andgadial deed at end

of infeed("Q 4 4 g aA)given inanits of mm/DS. These can be translated into respective radial velocities with

theformulas:

. oo 83
b ] Q. TET (3.21)
0 AVE T QAAEAI % $IA0P
. C $3
. i . [ R S e =
VRl A5 T @AAEA‘lég)@A (plnEI (3.22)

Usually, 0 g7 4 U oo atedrevent overloading of theol since the chipreawill increaseas the cutter
approaches thénal centerto-center distance. After the infeed is complete, the workpiece is rotated an
additionalo @ mtoJcomplete the cutting pagsthough theinfeedcan bedefined using the four parameters

(I 6adni A BAAE AL AN scd A Hiffarent gear shaping machinedl use different velocity and
acceleration profiles during the infedthr example, sophisticated machines mayjersdimited trajectory
planning where the rate of change in acceleration is linji8H In the simplest casea constant step
acceleratiorcould be used wherthe radial kinematics can be described with the below equailibies

position, velocity and acceleration profilese illustrated irFigure3.10.

. A1 AlooAOO
i AT (3.23
URT AV DHOADOD
B®AOO%ET /A KR (3.24)
. ViRi AV DOAOO
QT FAA KA 3.2
' T ERAAA (329
N P "
i o OOAolbloo!Qo%'(*El A A A =T T EAAA (3.26)
AT A IO gA R BAGO
Qi o UipoAadi AAAKEITO O Q1 gAAA (3.27)
Qo Tt IO gA 08 BAGO '
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Q10 Gy gAAEITO O & gmAAA (3.28)

[o% T AEIS AR BAGO
| — Constant Acceleration — Linear Acceleration|
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Figure 3.10: Comparison of constant acceleration and linear acceleration infeed profiles.

Here 0z 1 gisghe time required for the infeew, 4 dspthe total time required for the cutting pagss; &S 4
the radial acceleration during the infeed, @nd the amount of time passed since the beginning of the

cutting pass.

In a more complicatedase linear acceleration magisobe used during infeed where the acceleration of
the drive begins ab¥ ; £x A sandE@pAS 86k 1 £4 A.alp this gase, th&inematics of the radial feed is

described by the below equations:

. X . P . GET AR ARCEA TR A AR 0GOS o ¢
'00AO@)FOOQOOE‘4’ETEAAQE OOAOO(p(‘)ETAEAAA 0 O 7 EAAA
A7 A A0 £AAR BAGO

(3.29
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Ok ﬁEAAAhQEAl/Eo‘(&AAbh 048 o

Qi o O ipoAo@ET £AA LR OOROP o - ®i1 EAAA
96 Qi1 ERAAA L
T FEI0Q A AR B AGO
s . GE] ZAAARCEATERAAAL ODAGD .
Q1io CET EAAAR COATY —0 7: 361 oM RN
D T EAAA o

T FEI0Q A A% B AGO

Her e, the value of the accel erations

example, if the machine has a pleterminedi® ; £4 a.athemsthed: ;1 ££an be calculated by solving a

guadratic equation, and then te; £rsaEaN Be determined:

T RANR GET EAAAR AT A

. CUmiAVpOAGO, )

WET EAAAR 00»&)9 » WET ZAAAR
I EAAA

Above, logic may be used to determine the signage of thenpiuss in the quadratic formula. If only one

AT A

(3.30)

(3.31)

woul d

(3.32)

(3.33)

be

de:

of the answers is positive, than the positive answer is correct. If both answers are positive, than the smaller

answer can be choséfrhe linear acceleration profile is compared against the constant acceleration profile
in Figure3.10for the same ¢ 4,01 A BAAE A IBAGEARGAND & PISEtx i £4 A KK T RDepending
on the value ofix 1 £4 a.athe dingar acceleration profile may be shorter or longer than the constant

acceleration profile.

3.5 Experimental Validation

In order to validate the kinematic modsérvo position commandse capturedrom the Siemens 840D

CNC servocontroller in a Liebherr LSE500 gear shaping machine tool (picturddgure 3.11). The
Liebherr LSE500 machine is a CNC based machine that is capable of producing cylindrical gears of all
types up to a diameter of 5G0m. Earlier versions of gear shaping machines were completely mechanical
and thus had limitéons. For example, gearing was used to link the motion between the cutter and workpiece

rotation drives, thus only certain gear ratios could be used. Moreover, mechanical guides were used to

generate the helical component of the tool rotation, thus enigin helix angles could be generated. In the

Liebherr machine, each drive is numerically controlled so theyeo such limitations and the setup time

is significantly reduced.
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Figure 3.11: Liebherr LSE500 Machinérom [59]).

The axis layout for the Liebherr machine is showiigure3.12. The axis which controls the center

center distance of the cutter and workpieae is labelledX1, the tool rotatior¥e 0 is C1, the workpiece
rotation%. 0 is C2, the crank rotation drive for the reciprocating motion is Z3, and there is additionally a
ZL3 axis (not pictured) whichags linear encoders to measure the vertical position of thé toolThere

are several other axes (for example the process automation axes) which are not important for the

experimental validation of the kinematic model.

Commanded position data from tfeur important axes (X1, C1, C2, and ZL3) are captured from the
machine during a shapimgtting passTable3.1 shows the gear data and process data for the cptsg)
The machine has its own proprietary optimization algorithms which can slightly alter the nominal process
parameters to achieve better quality gears. For example, there is temperature compensation which
automatically adjusts the centercenter distace to take into account thermal deformations of the
machine. It isdifficult to reverse engineer h e ma prbprietary dmmpensation algorithms, so the
parameters are manually adjusted to improve the alignment of the measured and simulated profiles (sh
in the bold values ifable3.2).
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Figure 3.12: Liebherr LSE500 Axes Labe(from [60]).

Table 3.2: Cutting pass parameters and gear data for kinematic experimental validation

Gear Data Cutting Pass Parameters
T 1 (externalgear) "Q [DS/min] 300(300.1)
& [mm] 2.1167 "@i 6 kBW/DS] 0.8(0.79
[ [ded] 20 "BaieaiMMYBRL 0.1
I [deg] | -20 (helix angle) B4 iEAIMMAOS 0.025
0 36 i [mm] 103.03
Y 52 i [mm] 98.243
@ 50 Q  [mm] 5
Q [mm] 5
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Linear acceleration profiles are used in the simulation whereheza 4 4 TSR 71X i® determined
manually from the captured position profilegure3.13 showstheposition of the X1 axis during the infeed

from the captured servo data and simulated profdksg withtheir velocity and acceleration determined

by numerical differentiation. It can be seen that the profilesedon linear acceleratioclosely emulag

the movement of the gear shaping mach@wnparisons for position of all four of the axes can be seen in
Figure3.14 during the whole process and during a zoomed in portion at the beginning of the cutting pass.
The only post processing applied to the captured profiles is shifting to accoumd foitial position of the

axes As seen, all four axes in the simulated profiles match closely to the captured commanded position
data.

—— Servo — Servo (Low Pass Filter) = = = Simulated
105 T T T T T T T T

Velocity of
X1 [mm/s]

-0.5
— 0_1 PIVEEE IRF YR U A e RN WIS SEN DN W NN R N - L]
o —
T
% £0.05
s E
O ~—
SRaSN
< 11T 1 Y
0 2 4 6 8 10 12 14 16 18
Time [sec]

Figure 3.13: Position, velocity, and acceleration profiles of X1 akising ifeed
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Figure 3.14: Comparison of simulated and captured X1, C1, C2, and ZL3 profiles

3.6 Conclusions

The kinematics of the gear shaping process include three different components (reciprocating motion, rotary
feed motion, and radial feed motion). The reciprocating motion moves the cutter up and down which
generates the majority of the cutting action. Tdtary feed motion of the cutter and workpiece emulate the
rolling of two gears, and in addition the tool rotates while reciprocating following the helical profile of the
workpiece. The radial motion slowly feeds the cutter into the workpiece, usualheitodhree cutting
passes, until the final depth of curéachedThe kinematic model has beexperimentally verified using

measured data from the CNC conteolof a Liebhergear shaping machine.
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Chapter 4

Cutting Force Prediction

4.1 Introduction

In this chapter, the cutting force prediction model is described in detail ingukperimental validation.

To predict the cutting forces, the cuti@orkpiece engagement is first calculated using a discrete solid
modelletr called ModuleWorks which uses the mtitdexel representation. The tool cutting edge is
discretized into hodes where each node represageneralized obliqueutting force model with varying
principle cutting directiog local inclination angle, and locabrmalrake angle. At each time steo
dimensional chip geometry is calculated #meiforce contribution from each node is summatextioeve

the total force vector.

4.2 Cutting Force Models

4.2.1 Orthogonal

The orthogonal cutting mod@1] is the most basic cuttinfgrce model As illustrated inFigure4.1, the
cutting edge is perpendicular to the cutting velocity There aretwo force components which are
generated in this model: the tangential foi©eand feed forc€O. The tangential force iparallel and
oppositein direction to the cutting velocitg. The feed force is perpendicular to the cutting edge and
cutting velocity and is directed outward from the workpisoeface Each of the cutting forces are linear
with respect to theindeformed chip widtlsy undeformed chip thickne&§ andthe cutting coefficients
(O ,0 ,0 ,0 )

KO IRV (O VI A NV I S V) (4.1)

O VWU O UV L O (4.2)
The cutting components @Qandv  ¢3Qare due to the shearing of the mateaiad are thus proportional
to the undeformed chip are@ ( 630, while the edge componenis "Qandy  "Qaredue to the rubbing of
the edge against the workpiece and are thus proportional to the undeformed chigwidtitional
parameterin the modelnclude thetool rake anglé whichis defined as the angle between the rake face
and the feed daction,and te shear angl#. whichis defined as the angle between the shearing plane of

the material and the cutting velocifihe cutting coefficients are affected by many factors (for example,
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workpiece materiatool coating,tool wear, lubrication, rakengle, cutting speed, chip thickness) and are

typically determined with experimental orthogonal cutting tests.

Fe
(feed direction) )~

/ \
E \ Rake face
(tangent direction) 4 /\A\Df 'J\/

\
p> \ \

N

Cutting edge

Figure 4.1: Orthogonal cutting model

4.2.2 Oblique

The oblique cutting force modg1] is an extension of the orthogonal cutting model where the cutting edge
is not perpendicular to the cutting velocity as showRigure4.2. In addition to the tangential and feed
forceas seen in the orthogonal model, there is a radial fonaich is perpendicular to the tangential and
feed force. Similar to the orthogonalodel, the radial force is proportional to the undeformed chip area,
chip thickness, and cutting coefficients (, . ):

RO RNV [ B VIRN A S VIS BN VIR A (4.3)
The angle between the cutting edge and the radial direction is defined as the inclinatiéRSinglar to

the orthogonal model, the toobrmalrake angl¢ is defined as the angle between the feed direction and
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the rake face measured on the plartbogonatto the cutting edgécalled the normal planeln addition,

there is achip flow angle- which is defined as the angle at which the chip flows on the rake face measured
from the vector on the rake face normal to the cutting edge. The chipffigle is normally assumed to be
equal to the inclination angle  "R[62].

Fs
F. (feed direction)

Rake face

.4/

E Normal plane
(tangent direction)

(radial direction)

Figure 4.2: Oblique cutting model

4.2.3 Orthogonal to Oblique

A more comprehensive cutting model is the orthogonal to oblique réielThis model allows cutting
coefficients to be estimated by orthogonal cutting experiments, however is still applicable to tools with
oblique angles. Thehear angle%o), average friction anglé (), and shearing stress ) are determined

from orthogonal cutting experimenfBhe shear angle can be calculated with the below equation where

is the chip ratio ani is the deformed chip thickness
% OAT—— 1 — (4.9
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The friction angle, which is a representation of the coefficient of friction on the rake face, can be calculated
as:

. -0

f | OAIl— (4.5)
0

Finally, the shearing stress can be calculated with the below fomigee Ois the shearing force arid
is thechip crosssection area on the shearing plane:
O "OAI% 'O OlB%
o BT O Bib

To obtain the obligue cutting coefficients, the orthogonal tigjob transformation is applied. The shearing

t OB v AT% U OB (4.6)

cutting coefficients{ iy R ) are determined with theelowequations. The tangential and feed edge
coefficients ¢ RO ) are assumed to be equal to the edge coefficients identified in the orthogonal cutting

tests, and the radial edge coefficient is typically approximated as zero

T AT10 | OAD®AIOET

0 Y ———— 47
OBtb AT ®% i | OA}OE] (4.7
0 f ofl | (4.8)
OBbATDET @& 1 | OALOEN '
, t ATt0 | OAQ OAIOET
v (4.9)
OB AT o | | OAFLOET

Here, the normal shear an@e is assumed to be equal to the identified orthogonal shear%ngiad the

normal friction anglé is assumed to be equal to the identified orthogonal friction dngldt is
noteworthy that the shear angle, frict@mmgle and shear stress arepgndent on the rake angle of the tool

In the orthogonal to oblique transformation, the normal rake anglei . e . projection of
rake angle onto the normal plane) is also assumed to coincide with the rake angle in the pure orthogonal

cutting conditions.

4.2.4 Exponential Chip Thickness

The above models have assumed limektionshipswith respect to the undeformed chip area. However,
it has been shown that the cutting forces can exhibit nonlinear behaviours with respect to the chip thickness
[61]. Therefore, the cutting forces are often expressed as eanlfanctions of the undeformed chip

thickness
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O 0UQ ¢ch O 0UQ ¢h O OVQ O (4.10)
Here,theexponentsi{mh ) are additional coefficients determined from experimdhisthermorecutting
forces can also beonlinear with respect to the cutting speed, therefore the above equations can also be

extended to include the effect of the cutting speed.

4.2.5Kienzle

The nonlinear Kienzle cutting force mad@3] is another widely used modaeltheliterature In this model,
there is a friction forcéO and a normal forcé, as seen ifrigure4.2. The normal forces normal to the
rake face whilehte friction force ioincident with the rake face and is parallel to the vector which defines
the chip flow angle-. Similar to theexponential chip modgéach force component is nonlinear with respect
to the chip thicknes®

O 0Q ¢ch O VQ ® (4.11)
Here,0 , U , 6, and0 arecutting cefficientswhich aredetermined experimentallifhe coefficients in

the Kienzle model can be transformed into the oblique cutting coefficients with the following

transformatiori64]:
0 VL'Q OEDET AT®OETAT-O 0 Q AT@IO0 (4.12
0 0'Q ATOAT-O 0 Q OFI (4.13
0 L Q AT'ddE] OEDETAT-O v Q OEAIO (4.19

4.2.6 Generalized Model

In each of the above defined cutting force models, the forces can be genenatizée obliquecutting
model with the three principle dirgens (tangential, feed, anddial) where the cutting coedfents may
be constants or functions of other process parameters such as the chip thickness, cutting speed, inclination

angle, tool rake angle, etc.

O U "G © 0 G © (4.15)
O 0 "o & 0 TG o (4.16)
O 0 "Bl ® U BB o (4.17)
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4.3 Cutter-Workpiece Engagement

As evident in the cutting forcamodels knowledge of the chip geometry is a-peguisite for calculating

the cutting force. Specifically, the undeformed chipa ), thickness () andwidth (¢) must be known.

To obtain this informatiom simulation the cutteiworkpiece engagemef(nterference) must be calculated

and the workpiece geometry must be continuously updated while material isd&mioged In the gear
shaping operation, it is very difficult to do this analytically as the kinematics are complex, and the cutter
and workpiee geometries are complicated. Therefore, a solid modeller is used to compute the cutter
workpiece engagement. There are two different types of solid modalleilable exact modellers, and
discrete modellers. Exact modellers (such as boundary reptés@ntapresenthe solids with exact
equations and, in general, offer better accur@igcrete modellers (such as mdtixel representation)
represent the solids approximat@hile offering better speed and robustnésghis analysis, a discrete

solid modeller, called ModuleWorK$5], is used. The ModuleWorks engine is a highly optimized solid
modeller specifically developed for material removal simulation which uses thedexéi representation

to model the workpiece.

4.3.1 Multi-Dexel Representation

The multidexel representation is a method of modelling surfaces and volumes with arrays of parallel line
segment s ( [66].Theads hadepaintsios then which represent where material begin and end.
Figure4.3 shows the dexel representation of a circle. It can be seen that if only a singlefaragsis

used, curves/surfaces which are near parallel the direction of the nails are not represented well. Therefore,
multiple orthogonal sets of nails are used. The-divection dexel regesentation of the circle has an
improveddistribution of ponts on the curve versus the sindieaction representation. In three dimensions,

three orthogonal sets of nails are used to represent volumes.
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Figure 4.3: Single directiorand two direction dexel represation of a circlgfrom [66]).

4.3.2 Material Removal Simulation

In the gear shaping simulation, the cutterkpiece engagement and cutting force is calculated at discrete
time steps. Within the ModuleWorks engine, the cutteefgsesented by a singlensverse plane at the
bottom of the cutteas seen ifrigure4.4. Using a thin plane at the bottom of the cutter as a representation
of the tool allowsfor the cutter clearance angles to be omitted from the CAD model which decreases
simulation time.

External Gear \Workpiece Internal Gear Workpiece

Tool

Workpiece

Workpiece

Figure 4.4: Tool and workpiece representation in ModuleWorks engine

34



To perform the cutteworkpiece engagement calculation with the ModuleWorks engine, the workpiece
must be kept stationary and the tool is swept from a starting posit@mmeid positionTherefore, the
position of the cutter at the beginning and end of each time step is caldolgte Workpiece Coordinate
System using the transformatidefinedin Equation(3.13). Then,a cutting operation is performed in the
engine to obtain the removedatarial in dexel representation as depicte&igure4.5. The nails in the
removed material are then analyzed to determine thealimensional chip geometry and cutting force
which is explainedurtherin Sectiord.5.

Cutter-workpiece engagement Chip in dexel representation
—— X Nails —— Y Nails —— Z Nails

Figure 4.5: Cutterworkpiece engagement

4.4 Tool Edge Discretization

To perform the cutting force prediction, the tool edge is discretizecpwitds called ndes where each

node contributea three dimensional force component per the generalized oblique cutting forceThedel.
geometry of the cutting edge is different for the spur and helical gear shaper cases. However, in both cases
the tool elge is first discretized by generating points on the transverse plane of the cuttemihsegkar

data Then, the nodes on the transverse plane are modified tiadesimodel of the rake face to obtain the

nodes on the cutting edgafterwards, the cting directions (tangential, feed, radial), local inclination

angle, and local normal rake angle are determined for each node.
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4.4.1 Rake Face Model

4.4.1.1 Spur Gear Shaper

In spur gear shaping, the rake face is modelled as a downward ¢aciagvhere the angle between the
gear transverse plane and the rake fatieeisutter global rake angle as shown irFigure4.6.

Spur gear shaper

Gear transverse plane

a, rake angle

\ Cutting edge
Conical rake face

Figure 4.6: Rake face model in spur gear shaping
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e Node (transverse plane) e Node (normal plane) e Node (rake face)

Spur gear shaper Helical gear shaper

z

Transverse gear plane Transverse gear plane
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bt

Tooth rake face

Conical rake face

Figure 4.7: Projection of transverse nodes onto rake face

The equation of the cone is simply:

G » o OA1 (4.18
Starting from the generated transverse gear profile, the cutting edge can be obtained by the vertical
projection of each point onto the conical rake face (showkigare4.7 left). Denotingthe location ofa

node on the transverse profiia the tool coordinate systerasn ® T ,the corresponding

point on the rake face is:

n © © a O O o o OAT (4.19

4.4.1.2 Helical Gear Shaper

In the helical gear shaper case, each tooth has its own raketfi@bancludes the effects of the helix angle

and global rake angle of the cutter as sedfignre4.8.
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Helical gear shaper

Gear transverse plane

a, rake angle

x SN

Cutting edge = ~# B. helixangle
Tooth rake face

Figure 4.8: Rake face model in helical gear shaping

The transverse nodes are first orthogonally projected onto the normal plane of the tooth to obtain the normal
nodes and then vertically projected onto the rake face to obtain the rake face nodes as seehntigidee rig
of Figure4.7.

The equation of the normal plafer a toothis given by:

€17 oI/ Miof AIT (4.20
Here,| is any point on the plang; i oiandr; i oidgfine the plangeometrywheret; i o jisthe vector
normal to thenormal plane,and 1)y j ¢ i§ja point coincident ith the plane In this casery i oi A

T T T andgj | ojigfetermined as:

€11 of ANOT 188 of Al Noinl SEAT E®

AirO OEBI n T p
OR1T AITO m AlTO Tt
m mnoop OBT n (4.21)
OEIORI
OETAITO
Al1O

Here is the helix angle of the cutte¥y | ig gthe yaw rotation matrix for the particular topktencef
definesthe angle of the tooth on the transverse plane measured fraimattie to thetip of the tooth as

illustrated inFigure4.9. €7 i oi A$ the pormal vectoof the normal planéor a tooth wher¢ 1t This is
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determined by the cross product of thexis andig 4 ¢ gt A T1O OET |, whichare both vectors
that arecoincident with the normal plane (illustratedrigure4.7 right).

0 YaooL

Figure 4.9: lllustration of tooth anglex).

To perform the orthogonal projection of the transverse nodes onto the normal plane of the tooth, the
following projectionis used:
@ © @ N ol ABTi o AT of Al (4.22
Theequation of the rake plane of the toothettalsoh as t he ef fect of t(his, cutter
given by:
E0AEM  MNoAeA T (4.23)
NoAE A T TU TU IS a point coincident with the plane, ahg 4 gsithe vector normal to the plane which

is determined by:
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EoAEAYOT T8 EARYoU | GEAI EBDAEA

AirO OEBI . AlO
OBl AirO n AlTO  m
T T p OEI OEI

AITAIT@OET Al @EIOCET
AIAITT@ET AIT@EIOET
ATTATTO

(4.24)

EOAEA

EOAEA

EOAEA
Similarly, € 5 4 & AS;the normal vector of the rake plane for a tooth Wwith twhich is determined by the
cross product of two vectors coincident with the plades( gt ATTO OET andopiga

ATljOn  OHT ,shown inFigure4.7 right).

Using the equation of the plane, the vertical projection ontirenalnodes onto the rake plane can be
performed to obtain the rake face nades
E0AEM E0AE@

N w W 0 i (4.25)
EOAEA

4.4.2 Cutting Direction Calculation

In the generalized cutting force model, the tangential, feed, and radial direction rdettinginedvhich
is a function of thecutting edgegeometryandthe cutting velocityrelative to the workpiecelhe cutting
velocityw of the tool isacombination of the three different kinematic components:

OAAEAT OCEDADU OBREDOT AADGET C )

4.4.2.1 Spur Gear Shaping

In spur gear shaping, it can be seen that the magnitude of the radial feed and rotaryZ&cordees of
magnitude smaller than the reciprocating motion. For a typical cutting@as®@F o T T8 6 A IR

feed, " @aic il h ®oapol TR ARAd B e oi ek It the aeragecutting speed due teoeciprocating
motionis 400mm/s the average tangential velocity due to the rotary feed of the cutter is 1.3 mm/s, and the
velocity due to the infed motion is 0.67 mm/3.herefore, the radial and rotary feed can be ignaretithe

cutting velocity can be approximated as:
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Q4o

w 0 € (’éAQ m T — (4.27)
Q0
Qo QQ mMeoipaAl1o0 , o
o 05 M QpooPdil 0 (4.28)

Sincecutting only occursluring thedown stroke, the unit vectof the cuttingvelocity (@) is constant for
every node locatio(shown inFigure4.10):

o mmn p OPOO AAOA (4.29

e Node (transverse plane) e Node (normal plane)
—-» Cutting velocity - Reciprocating velocity —» Cutter rotation velocity
Tangent direction — Feed direction — Radial direction

Spur gear shaper Helical gear shaper

Z

Transverse gear plane

Transverse gear plane—\ Z

e

Ve = Viec

Tooth normal
plane

Figure 4.10: Cutting velocity andlirections in spur and helical shaping

4.4.2.2 Helical Gear Shaping

In helical gear shaping, there is additional tool rotation duthédelical emagement othe tool and
workpiece.In this case, the magnituaé the helical component &gnificant Therotation of the cutter
relative to thegearworkpiece is:
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i 5 ao OAT ‘ ao OA1

% O %o O %o O v, l— 17 0 € 7 (4 30)
Ol OAOU BAAA~ ;- ~OI QAAOUA fEAAA ’
e AGO%C%OAE“AM AT 114 1R AD
Theangularvelocity ofthe cutter relative to the gear is then:
QA0 A &+
'O 9 o ,—‘\—O A I
Ly 20700 (4.31)

——— e —=4
Qo ~ |
Forrakenode locatiom)y  Gd G @ ,the tangential velocity due the rotation of the tool is

3 3

=== 0AT 6 o =0 A1
- Qo Qo o
- W W T
@i 8 @w ® o T i (4.32)
OAAEAI AEOQAT AR 6100 0
TTAA 1T AMIEJOT AMRT CAT OEAT BT EO OAAOI O
OAT T AEOQU
Then thetotal cutting velocity is
QA0 A £ =
... “os0Al Qa0
We Wi WAR | Ww w 7 m 7 05
(4.33)

Qi GOAT o OAl
Qo i i

Y

Therefore, the unit vector of the cutting velocity wikk constantfor each noddin the tool coordinate
system)regardless of the value €f a0 7Q @ Since cutting alwayeccursin the negativex direction, the

unit vector of the cutting velocitig:

O

OOAT wOAI 0
i i L
® EATI EAAIl AAOA
wOA o OAT
| | P

(4.39)
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It is noteworthy that théangentialvelocity dueto tool rotation is different for each node locatiblmdes
that are faher away from the axis of rotatiomill have larger tangential velocitthan nodes which are

closer 6eenin Figure4.10) and therefore, each nodksohas a different cutting velocity vector.

4.4.2.3 Tangential, Feed, and Radial Direction Calculation

In both the helical and spucases, thecutting directionsfor each nodeare catulated with the same

procedure given the knowledge of the cuttwedpcity and rake node locationhe location of the currg
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node is denoted by 5, the location of the next node is denotedily, and the location of the previous

node is denoted hy j asshown inFigure4.11.

Transverse gear plane \

C — r- ™ ——
P = R 2 e >

== E— e —

el - L

\
Conical rake face

i, inclination vector

o
S~ i, inclination angle

a, rake angle

f, feed direction

¢, radia) direction

cutting edge

V., cutting velocity

Figure 4.11: Cutting direction calculatian

N si andn g aremidpoint nodesvhich arecalculated as follows:

(4.35



The tangent directiodit defined opposite to the cutting velocity unit vector:

H o (4.36)
An edge vectofland unitedgevector(is defined which adjoins thtevo midpoints:
T ng n gh Q‘U—Q_ (4.37)
AE

With the assumption that the node locations are ordered in a clockwise manner around the axis of rotation

the feed directiofds orthogonal to the edge vector and tangent direction:
Q QuoU (4.38)
Next, an inclination vectotib defined as orthogonal to the feed vector and edge vector:
HQ QU (4.39

Accordingly, the inclination angl&xan be calculated as the angle between the inclination vector and

tangent direction
0 AATHEMU (4.40)
The radial directionHs calculated as orthogonal to the tangential and feed direchiongver care must

be taken to flip the radial direction if necessary:

iUt EHIT TH TH (4.41)
Theedge widthbis calculated as the length of the edge vector projected onto the radial direction:
0 AFEAIT'® (4.42

Finally, the normal rake angle is defined as the angle between the feed direction and re&efathe

cutting normal plane where the cutting normal plarteésplanenormal to the cutting edge. A rake vector

"Qis defined which is the vector that intersects the cutting normal plane and rake face. The normal rake
angle is then calculated as thegke between the rake vector and feed direction, with care being taken for
the negative rake angle case:

| AATADOh E@OH 1t | | (4.43
The rake vector is calculated differently for gpur and helical shaping cas&or the spur shaping case,

since the rake face is a coribe rake vectomustbe approximatetbcally (i.e. the rake face is a curved

surface) To do the approximation, a ghost paintis determined which lies on the rake face and cutting
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normal plane, then the rake vector is calculated by adjoininghibst point and node location as illustrated
in Figure4.12.

g, rake vector (large ¢)
, f, feed direction

Figure 4.12: Local approximation of normal rake angle for curved rake face.

The ghost point is calculated by first perturbing the node location a small aghpimthe feed direction:

noofR -0 (4.44)
Then, theX coordinate is adjusted to be the rake face

o OAT R (449

Finally, the point is orthogonallgrojected onto the cutting normal plaioeobtain the ghost point

AR R np JHOU (4.46)
T AR 0 L 0POO AAOA (4.4
h /E‘fgf X



Based on the value of different values for the normal rake angle will be obtained as ségguire4.12
In this case, a small(@t 1t 1t 7} ig psed to obtain thapproximation of the normal rake angle close to the

cutting edge.

For the helical shaping case, the rake face is a plane so the rake vector can be calculated analytically:

Q EOAEA (93] EAT EAAI AAOA
1700 Al OAAODIGAT OAAGI O | & (4.48
I £ OAEAABRORE]I C 11 Ol A pi Al A

Figure4.13 show how the local rake angle and inclination angles vary along the cutting edgeunand

helical gear shaper case. In general, there is high rake angle and low inclination angle at the tip and root of

the teeth while there is low rake angle and high inclination angle on the flanks of the teeth.

Inclination Angle Rake Angle

6 6
o T I
o
g4 4 D
7]
E -—“-\_/—-
Q
O 2 2 [ .
5 iamps
I 0 L Root Tip R Root

L Root Tip R Root L Root Tip R Root
_ 10 10
2
5 /7
? 5 5
5 [/
G / 1/
5 0 0 L Root ’I
. \ .

Tip R Root

L Root Tip R Root L Root Tip R Root
Figure 4.13: Distribution of inclination and rake angles on single gear tooth with cutter rake angle of

and helical angle of Jin helical gear shaper case

4.5 Force Calculation

Since the cutting force model is a function of the chip thésls and width, the chip geometry must be

analyzedon a twedimensional planelhe chip crossection is constructed on the plane normal tazthe
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axis at the dexel heightosest to thenidpointof the tool movement during the time step. As sedtngare
4.14which shows a typical chip generated during a helical shaping case, the chipectioms can change
drastically throughout the movement of the tool dgirintime step, therefore analyzing the chip at the

midde of the tool movement gives the best representation of the average chipettiss.

[ 3D visualization of chip —— X Nails
{22171 Tool at beginning of time step Y Nails
[ Tool at middle dexel plane 7 Nails

¢ — 1 Tool at end of time step

Figure 4.14: Typical chip geometry in helical gear shapingea

To reconstruct the chip crassction from the dexel format, a point cloud is generated on the construction
plane which includes the end points of each X and Y nail on the plane, the intersection of the Z nails on the
plare, and the engaged nodes altimgtool edgé€Figure4.15a). The engaged nodes include any nodes on

the tool which are within a certain distance to any of the X and Y nail endpoints or Z na#édtitans. The
distance threshold is chosen to be the dexel preci§lop § avhich is the distance between two adjacent

nails. Here,the transverse node locations are used since the tool is represented with a transverse plane in
the CWE calculation. Howevesince the node geometry is defined in Ti&S (see previous section) and

the CWEis in the WCS, the node locations are transforinaathe WCS:

n "y n
P 00AT QA& OfP (4.49)
voiloox P o Ao6A 1 AA _
PPARGEN PR AAGRAGRI T WAS



(a) Delaunay triangulation (d) Alpha shape reconstruction

¢ Point cloud = X Nails
= Delaunay =Y Nails

© Engaged o Z Nails
Node

(c) 2D chip geometry (d) Triangle-node association

Figure 4.15: Reconstruction of twalimensional chip crossection.

48



From the point cloud on the plane, the chip geometry is reconstructed using the alpha shapps#jethod
Alpha shapess a methodor determining the shape of a set of points on a plaoaletermine the alpha
shape of the point cloud, the Delaunay triangulaidn) is first calculated. Th®T is defined aghe non
overlapping triangulation of theetof points in which the circumscwdl circle of each triangle does not
contain any other poif®8]. Thisresultsn the triangulation with the fewest number of thin triangldsere

are many algorithms for calculating tb& which offer varying levels of speehd robustness. In this case,

the BowyerWatson algorithnj69] is implemented due to its simplicity and robustness. In this algorithm,
each point is incrementally inserted i nhepona fisup:e
cloud. During each insertion, each triangle within the existing triangulation whose circumscribed circle
contains the inserted point is removedirthe triangulation. Then, each vertex from the removed triangles

is retriangulated with the insed point to obtain a valid DRAfter all the points are inserted, the triangles
which contain theverticeso f t he fAsuper 0 Thelocationgohe) aral radiugr )eftte v e d .
circumscribed circle of a triangle given tb@ordinates ofhe three vertices on a placen be calculated as

[70]:

COW W WWw 0w wWwow w
AR R R R R R R R (450
COW W WWw W wWww w

i W W W W
Once the DTof the point cloud is obtained, the alpha shape is determined by removing any triangles whose
ci r cums cr rabies @ lagar than the apka distaticeln this case, the alpha threshold is chosen
tobeQ Wk 4 g Figure4.15b shows the circumscribed circles of thartgles that are part of the alpha

shape for that particular case. The triangles in the alpha shape form the geometohigf thesssection
(Figure4.15c).

Each trangle in the alpha shape is associated to the tool node that is closest to the cethiabidasfgle

as shown ifFigure4.15d.

In the cutting force model, the undeformed chip characteristics (area, thickness, width) are defined on the
plane normal to théangential directionin the helical gear shaping case, thegential direction is not

coincident withthe Z axis, however the alpha shapec@nstructedon the plane normal to the Z axis.
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Therefore, the triangles of the alpha shape musirthimgonally projected onto the plane normal to the

tangent direction aseghicted in the left side dfigure4.16 before calcudting the undeformed chip area.

Projection of Node Triangles Incremental Cutting Forces

Node triangles projected onto
plane normal to tangent direction

& Node}riangles

dF:

Figure 4.16: Projection of trimgles onto plane normal to tangential direction.

The summation of the area of each triangle associated to a node comprise the undeformed chip area which
is used to calculate thiecrementatangential, feed, and radial forceShe area of a triangle/J in three
di mensions given the coordinates of thé¢7l]lt hree ver

Y i &a i a i a

o W 0w W a aq

a W W W a o (451
a W W W a a

The incremental tangential, feed, and radial fof€ES, 'O, QO) for each node are then calculatEy(ire
4.16 right) with the below formula which coincides with the generalized oblique cutting model. The chip
thicknesswhich may be a parameter in the cutting coefficiesn¢stimated by dividing thehip area with

the chip width'Q 6.
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V)
-AQAA (4.52)

Finally, the total cutting force for a time step is det@ed by integrating the incremehtautting forces
from each node

O Qodu 'QoQ QTaH
AT CACAA (453

In the previousection the tangential, feed, and radiitections were defined in the TCS, therefore they
must be rotated into the WCS:

OEDEAAA (4.54)

4.6 Experimental Validation

Experimental validation of the cutting force prediction algorithm has been carried out by defining several
different case studies designed to validate the modelifferent types of gears, processes, and materials.
Cutting force measurements have been recorded during the generation of spergedrs, externapur

gears, anexternalhelical gearsin each case, two different processes were tested (a sirsji@meess,

and atwo-passprocess with a roughing and finishing pa3sje gear data and process parameters for the
internal gear case study can be found@lable4.1 and the workpiece/tool can be seefigure4.17. In this

case, two different workpiece materials were tested (AISI 1141 and 5130 steels) and the tool material is
PM-HSS withBalinit® Alcrona Procoating. Similarly, the process parameters for the external spur and
external helical cases can be foun@able4.2 andTable4.3, and the workpiece/té®can be seen iRigure

4.18 andFigure4.19. In both the externapur and external helical cases, the workpiece material is AlSI
8620 steel. The tool material for the external spur case is1BBlwithBalinit® Alcrona Procoating, and

the tool material for the external helicgadse is S390 steel wiBalinit® Alcrona Pro coatingAll of the

tools used in the experimeritavea rakeangle of 5 degrees.
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Table 4.1: Cutting pass parameters and gear data for internal spur case study

Gear Data Cutting Pass Parameters
T -1 (internal gear) Onepass Two-pass
a [mm] 1.5875 "Q [DS/min] 350 350 450
[ [deq] 25 "Qi 6 ky/DS] 05 08 0.5
[ [deg] 0 "Qiieal MBS 0.01 | 0015 | 001
0 50 "QaiealmmipS] | 0.01 0.01 | 0.0041
U 121 i [mm] 52.75 | 52.75 | 56.609
@ 34.85 i [mm] 56.89 | 56.609| 56.89
1 41.26 Q  [mm] 2.54 2.54 2.54
i 94.2 Q [mm] 2.54 254 | 254
® 0.0* *tool profile modificationcoefficientwasunfortunatelynot

measuredluring this trialand assumed zei simulation

Table 4.2: Cutting pass parameters and gear data for external spur case study

Gear Data Cutting Pass Parameters
T 1 (external gear) Onepass Two-pass
a [mm] 5.08 "Q [DS/min] 400 400 400
[ [deg] 22.5 "Qi 6 ikam/DS] 0.5 0.5 1
T [deg] 0 "Qiie Al [MM¥BS 0.1 0.1 0.025
0 28 "QascAlmmADS] | 0.025 | 0.025 | 0.025
0 22 i [mm] 137.111 | 137.111| 128.%1
A 25.4 i [mm] 128.361 | 128.%1 | 128.361
i [mm] 77.2 Q  [mm] 2.54 2.54 2.54
U [mm] 60.875 Q [mm] 2.54 2.54 2.54
® 0.17

Table 4.3: Cutting pass parameters and gear data for external helicatodge
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Gear Data Cutting Pass Parameters
T 1 (external gear) Onepass Two-pass
a [mm] 2.1167 "Q [DS/min] 300 300 300
[ [deg] 20 "Qi o km/DS] 0.8 0.5 0.5
I [ded] -20 "BaieallMMiBRL 0.1 01 | 01
0 36 "QiieAlmmiRS] | 0.025 | 0.025 | 0.025
0 52 i [mm] 103.03 | 103.03| 98.343
A 50 i [mm] 98.243 | 98.343| 98.243
i [mm] 43.065 Q  [mm] 5 5 5
i [mm] 60.875 Q [mm] 5 5 5
@ -0.06




Figure 4.18: Finished workpiece (left) and tool (right) for external spur gear stasky

Figure 4.19: Finished workpiece (left) and tool (right) for external helical gear case.study
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4.6.1 Experimental Setup

To measure the cutting forces, a Kis®@55A 3-axis dynamometer is mounted on the Liebherr LSE500
gear worktable. Hence, the measured cutting forces are in the workpiece coordinate Aysistom

fixture was designed anblilt for the internal gear workpiece (seenRigure 4.20) complete with a
centering fixture and chip evacuation port. For the external gears, a collet fixture was ssed ifrigure

4.21. During the cutting, oil lubricant is used very heavily, so the dynastemis wrapped in plastic to

awid contamination. Before each experiment, the dynamometer cable is wrapped around the worktable
several times angdut under tension such that the cable unwraps itself neéatigg the procesand does

not get caught in any moving parts.

Chip
Evacuation

! Liebherr LSE500
Worktable

Figure 4.20: Experimental setup for spur internal gear case
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|Gear Workpiece

= S Collet
;i.;]?/ﬁ!:‘. Fixture
Shaper Cutter g~
Holder |=° : R
[ Kistler Z e
Dynamometer
Liebherr LSE500
Worktable
< -

Figure 4.21: Experimental setup for external gear cases

4.6.2 Cutting Coefficient Determination

To calibrate the cutting force coefficients used in the simulatieptdness force measurements are used
from the casestudies Two different procedures have been developed to identify coefficients for an
orthogonal to obliqgue modahd an orthogonaxponential chip thickness mod#lis expected that if the

tool has a large rake angle and thus a large variation ohaticdh along the cutting edge, than the
orthogonal to oblique model would perform better than the exponential chip thickness model. However, for
the performed experiments, it was found that the exponential chip thickness model performed better
(particulary during finishing passes) since the chip thickness varies considerably during the gear shaping

process.

4.6.2.1 Orthogonal to Oblique Model

The orthogonal to obligue model consists of six parameters: the shear Birebedr angleXy, friction
angle (), and edge coefficients)( ,0 ,0 ). During simulationthe oblique cutting coefficients)( h
0 ,0 )are determined using the orthogonal to oblique transformations (equdti®rg4.9)) which are
a function of the shear stress, shear angle, friction alogi®,rake angle, antbcalinclination angleTo

predict the shear stress, shear angle, and friction angle fromregpéal data, a cubic search space is first
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defined as depicted fFigure4.22. From the cubic search space, many candidate points are chosen and the

orthogonal to obtjue transformation is used to determine the cutting coefficients batieglaveragéocal

inclination andake angle of the cuttéFhen,based orxperimentally measured forces and simulated chip

characteristics, a least squares problem is formulateddch candidate point that solves for the edge

coefficients using linear regression. Afterwards, the error for each candidate point is evaluated and the

candidate set of coefficientstivthe least error is chosen.

Shear Stress, 1 [N/mmz]

Friction Angle, p [deg]

Figure 4.22: Cubic search for shear stress, friction angle, shear.angle

30

40 40

Shear Angle, ¢ [deg]

The least squares problem is formulated as follmwvsre one data point is taken from each stroke during

a process
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Above,i is the stroke numbeiyis the total number of strokes in the proc&ls)1 Hire the tangential, feed,

and radial unit vectors for each engaded| node,®is the chip area determined by the alpha shape
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reconstruction for each engaged node,@isdhe chip width for each engaged node. This can be simplified

to the following form:
d) %0 %0 o (456)

Here,wis the vectoof measured forces witkizea™Y p, %o is the matrix ofregressorgertaining to the

cutting coefficients wittsizeaY @, %o is the matrix of regressors pertaining to the edge coefficients with
sizedY g,— U 0 O is the vector of cutting coefficients,arnd 0 0 0 is

the vector of edge coefficients. As mentioned, the cutting coefficients are determined using the orthogonal
to oblique transformtion from the candidate poiwithin the cubic seah space of shear stress, shear angle,

and friction angle. Subsequently, the edge coefficients are determined using linear regression
— DE%O & %o— (4.57)

Here, since thafluence of theadal edgecoefficient istypically assumed to beegligible 0 e ), the
3" column of%. is set to zeraThemodel predictiorerror foreachcandidate set of coefficients is evaluated

using the RMSrror of normalized forces:

%OOI G Q Q 0 (4.58)
. Ol AA0OOKROET 61 AOAAOH AAO OROE, i aa0 0ok
Q riog e Yo QL ATa S M | S (4.59)
Gi Ao Gi Ag i Ao

Theidentifiedbest set of coefficients for each material is givehable4.4. The AISI 1141 and 5130 steel
cutting coefficients were determined from the internal spur geapassprocess, and the AISI 8620 steel
coefficients were determined from the external spair gaepassprocess. Contour plots that show how

the error changdsased orthe shear angle and friction angle for the identified shear stress can be seen in
Figure4.23, Figure4.24, andFigure4.25.

Table 4.4: Identified orthogonal to oblique coefficients

Material | WN/mm? |* [deg] | #[deg] | L JN/mm] | Lg IN/mm]
AISI 1141 Stee] 805.6 | 26.4 | 28.6 10.5 15.2
AISI 5130 Stee] 764.1 | 27.7 | 36.7 18.9 10.2
AISI 8620 Stee] 633.3 | 259 | 38.0 31.4 1.26
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Figure 4.23: Error contour plot for AISI 1141 steel &t 8 [N/mm?.
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Figure 4.24: Error contour plot for AISI 5130 steel A 8 [N/mm?.
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Figure 4.25: Error contour plot for AlISI 8620 steel Af 8 [N/mm?].

4.6.2.2 Orthogonal Exponential Chip Thickness Model

An orthogonal exponential chip thickness model is aldmafied orn-process force masurements. In spur

gear shaping, the measured cutting force can be separated into tangential and feed components. Given that
the cutting velocity isolelyin theda direction, the measured force in thdirection can be attributed to the
tangential foce, and the resultant force on theplane can be attributed to the feed component. The radial
component would also contribute to force ondhéplane, but heré is assumetb benegligible(0 )

since the inclination angle of the tools atkor less Additionally, all edge components are assumed to be

zero O 0 0 ). Accordingly, based orthe effective simulated chip arethe tangential and

feed coefficients can be determined for each data point:

QﬂAAOOgﬁA h|AAooo£%|AAoooAA

U _—

BAT ¢ AGKI — e (4.60)
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