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Abstract

In this work, measurements and simulasiomere used to investigate the effects of
grinding wheel topography on the geometric aspects of the grinding process. Since
existing methods for measuring the grinding wheels were either not accurate enough or
could only measure a small portion of a grirgdiwheel, a novel grinding wheel
measurement system was developed. This system consists of a white light chromatic
sensor, a custom designed positioning system and software. The resulting wheel
scanning system was capable of measuaingntire grinding viaeel with micron level
accuracy. The system was used to investigate the effects pfrfedtum and course
dressing on grinding wheel surface topology and the resulting workpiece surface. New
techniques were also developed to simulate metal removaindirgy. The simulation
software consisted of a stochastic wheel model, dressing model and metal removal
model. The resulting software could determine the uncut chip thickness, contact length
for every cutting edge on a grinding wheel as well as thetmegidurface roughness of

the grinding wheel. The simulation was validated by comparing the wheel model used in
the simulation to grinding wheel measurements and by comparing the simulated surface
finish to the meased surface finish. There wasxcellen agreement between the
predicted and experimentally measured surface topology of the workpiece. The results
suggested that only 22 to 30% of the cutting edges exposed on the grinding wheel are
active and that the average grinding chip is as much as 3 tinicker and 5 times
shorter than would be produced by a grinding wheel with a regular arrangement of
cutting edges as assumed by existing analytical approaches.
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CHAPTER 1. INTRODUCTION

1.1 Introduction

The grinding operation ia key manufacturingtepfor the production of components
requiring smooth surfaces afat tight tolerance on flat and cylindrical surfacdg, 2].

The grinding operation at the maesoalehas been extensively studiedares such as
normal and tangential forces, power consumption, workpiece surface, famgdhheat
transfer Thereis, however,still a lack of clear understandiraf the micrescale The
fundamenta of chip formation, grinding wheel topography and-deformed chip
geometryneed morenvestigation Thus, the topic of this thesis is the measureraent

the modelingof grinding wheel surface topography as well as the modeling of the
removal process in grindindgetter understanding of the aspects of the grinavhgel
topography and the wheel/workpiece interactiothamicro-scale leads to better desgyn

of grinding wheels andrinding proceses
1.2  Obijectives
The objectives of this work wete:

1 Develop a method to accurately measure the entire surfacgrioiding wheein
3D.



1 Develp a method to model the surface topology of grinding wiedD with
and without dressing

1 Develop ametal removal modeio determine the uncwhip geometry for each
cutting edges on thgrindingwheel surface antb predictthe surface finish of the
workpiece

1 Study the effects of dressing on the surface topography of grinding wheelg

chip geometry and workpiece surface finish.
1.3  Organization of thesis

This work is organizednto eight chapters. In the follang chapter the grinding process

is introduced. The grinding wheel compositigrinding mechanics, grinding kinematics
and the dressing operation will be briefly reviewed. In chaptegriiding wheel
topography models and grinding wheel topography measutem# be reviewed.
Chapter 4will present the2D metal removal simulation for grindinghich was used to
calculate the uncut chip thickness and contact lengial to study the effect of the
distribution of grain size, spacing and protrusion height ercthip geometryChapters

will discusghe 3D modelof the metal removal for grinding heroughness of thground
surfacewill thenbe predicted and compared with experimental resGhapter 6 will
present the development of the grinding wheel topdgrapeasurement system. The
effect of the dressing conditions on the grinding wheel topography will be investigated.
In Chapter 7 a new dressingnodel will be presented. The model will be assessed by
comparing the characteristic of the simulated dressexthand workpiecesurface with

the measured wheel surfac&Subsequently, the dressed wheel model will be used to
determine the uncut chip thickness and contact lerttally Chapter 8 will present the
conclusios drawnfrom the workcarried ouin this thess, followed by the contributions

and recommendations.



CHAPTER 2. GRINDING PROCESS

2.1 Introduction

A grinding operation is a process in which unwanted material is remboed a
workpieceby hard abrasive particles. In fact, the grinding process @neaient practice;

it is probably the oldest machining process in existence. Prehistoric man found that he
could sharpen his cutting tools by rubbing them against hard gritty rocks. In the present,
using a suitable bond material, the small abrasive partioke formed into the shape of a
wheel. The abrasive grains on the grinding wheel act as cutting tools. In the grinding
process the rotating grinding wheel is brought into contact with the workpiece surface.
The exposed abrasive grains remove tiny chipseifl from the workpiece, as shown in
Figure 2.1. This chapter briefly introduces the grinding wheel fabrication, dressing

operation and the mechasiof grinding.



Workpiece

Figure2.1 lllustration of grinding wheel components and the chip formation

2.2 Grinding wheel composition

The grinding wheel consists of the abrasive grains, bond material and pdfagitg2.2
shows aScanning Electron Microscog&EM) micrograph of a typical grinding wheel,
where the grains, boimy material and porosity (vog)l are clearly vidile. The abrasives
commonly used are aluminum oxide, silicon carbide, cubic boron nitride (CBN) and
diamond. CBN and diamond are the hardest masékradwn, hence, they are known as
superabrasives. The abrasive grains have irregular shape and sizen anggahave

more than one cutting ed{f#.
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Figure2.2 SEM micrograph o grinding wheel

2.3  Grinding wheel standard marking system

The grinding wheel standard rking systemprovides the user with key information

regarding the construction of the grinding whieeluding thefollowing information

The type of abrasive grains

The size of abrasive grains

The hardness of the grinding wheel
The wheel structure number

a r 0w N e

The bond type

Figure 2.3 illustrates themarking system for conventional grinding wheetmtairing
aluminum oxide and silicon carbide abrasiwich is defined byhe American National
Standards Institute (ANSI) by Standard B741E87 [4]. It starts with a prefix fothe
manufactur eds sy mtheoekact kimdhof abhasive, rfotlowedaby ¢he
possible parameters for the whesgecificationas mentioned above, and ends with a
manufact ur er 0 widendfyctrewlteel. whi ch i s
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Figure2.3 Standard marking system for aluminumide and silicorcarbide bonded

abrasives

The conventional grinding wheel consists of either aluminum oxide or silicon carbide

abrasives, which are indicated in the wheel marking system by the letter A or C

respectivelyThe size of an abrasive grain is identified by a grit numbergiwisi related

to the screen used to sort the grains. A larger grit number indicates a smaller grain size.

The sieving process consists of passing the abrasive grains thratgtkaf standard

sieves from the coarser meslmeshe top tahe finer meshem the bottomCoarse grains

are collected from sieves with grit number fraprto ¢ 7 medium grains are collected

from sieves with grit number frora 1to @ 1tfine grains are collected from sieves with



grit number fromx 10 p Y BNd very fine grains are collected from sieves with grit

number fromg ¢ @ TT.TT

Given thestandard grit numbes the abrasive grain siZ& can be estimated froinhe

following relationshig2]:
Q p&lb da (21)

The wheel grade or hardneaghewheel marking systens identified by a letter from A
(soft) to Z (hard).Regardlessof the abrasive and bonehaterial type, harder wheel
containless porosity md more bond material. For example whedhvgrad Z contains

¢ Pporosityand wheel with grad& containsu ¢ Borosity[5]. The next number in the
wheel marking system is the structure number, which indicates the vfactien of the
abrasivesn the grinding wheelA small structure number indicates more abrasive grains

or morepackingdensty. The relationshigbetween the gin volume fractior and the

structure numbeétlyis shown in the following equatida]:
® mrcoc Y (22

Theabrasive grains ateeldtogetherusing a bondin the wheel marking system thend
material is specifiethy the first letter of the material type, for example V for vitrifiéal
general, the bond must be strong enough to withstand against grinding forces, high
temperatureand centrifugal forces wiout disintegrating. Some porosity is essentially
integratednto grinding wheels to provide clearance for the tiny chips being formed and

to carry the coolant to the cutting zone.

2.4  Grinding mechanics

Like all other machining methods, the material remdyadjrinding is accomplished by a
chip formation process, however, in much finer scale. The cttttiviggeometry and its

interaction with the workpiece in the grinding are not as well defined as in other



machining process such as turning and milling. Tlaeeemajor factors that differentiate

the action bthe abrasive grains from the other singtent tools:

1. There is a significant variation in the abrasive geometry along the
circumference of the grinding wheel
The abrasive grains are stochasticallyribsted and oriented.

3. The radial position of the abrasive grains in the grinding wheels/asikich
means the cutting edgeprotrusion height from the grinding wheel working
surface varies and each abrasive grain has different depth of cut.

4, The majorityof the abrasive grains have a highly negative rake angle; the
average is @ T, which resultsn avery low shear angléseeFigure2.4).

5. The cutting speed in grinay is very hidp, the typical cutting speed is

¢ fo 10 fi, andin extreme cases the cutting spead Iseup top ¢ dufi.

There arethree phasesof grain/workpiece interaction. These include rubbing, plowing
and cutting[2, 6] as shown inFigure 2.4. In the beginning ofthe grain/workpiece
interaction thecutting depth is very smalivhich results in stling the grain over the
workpiece with high frictiorresulting inelastic deformation in the workpiece. This phase

is named rubbing. The seconthgse called plowing, occurs when théepth of cut
increasego the point wherglastic deformatioccurs orthe workpiecesurfaceand the
material flows aroundthe cutting edgesThe last phase is cutting when the depth of cut
increases to the pointherethe chip is formedThese mechanisms make the cutting
action of individual graisinefficient in comparison to aonventionalcutting tool. It is

one reason why the energy generated per volume of material removed in grinding is far

greater than in other machining processes.
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Figure2.4 Rake angle and shear angle in abrasive grain and gogiecutting toaol

2.5 Grinding kinematics and the un-deformed chp geometry

Figure 2.5 illustrates thekinematics of thesurface grinding operation. A grinding wheel
with diameter ofQ removes material from the workpiece with grinding detbut of ca

An individual abrasive grain on the wheel peripheral is moving at a tangential velocity
of b, while the workpiece is translating at a velocitywof. Penetration of the grinding
wheel into the workpiece results in an apparent area of contact whereateeal
removal action occurs The active grails, which participate in the material removal
processare assumed to be in contact with the workpiece along this aregqrddhgced
chips will have an urdeformed lengthnamedthe contact lengthix. The unrdeformed

chip also has a thickngssamedthe uncut chip thicknes$ ;which gradually increase

as the chips being cut.The maximum uncut chip thickne%% and contact length are

the two most importargeometricparametersn grinding mechanics.
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Figure2.5 Surface grinding.

Neglecting the motions and the deformations of the grinding wheel and workpiece, the

arc length of contaatan be generally expressed 2k

Q. (2.3)
C

a 00

FromFigure2.5, it can be readily shown thg]:

Q.
- 00 - W Cw
.. VO T qé (2.4)
WE T T P ua
C
Since¢ A A the small angle approximation would apf#y.
. (2.5)

o & —
P C
Combining Equation(2.5) with Equation(2.3) and(2.4) leads to the resu]2]:
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& (2.6)

This expression for theontactlengthd can be shown to be identical to the chord length
AB. Therefore the contact lengtlt is considered to be a static approximation of the
cuttingpath lengh or the uadeformed chip lengthi2]. The cutting path length as
given byEquation(2.7) can be considered as a kinematic correction to the static contact

lengthd, andis known as a kinematic contact lendi#j.
0 i
- (2.7)

In order to deriveEquation(2.7) the abrasive grains are assumed to be pdimis are
evenly distributed around the circumference of the grinding wheel and evenly protruded
from the grinding wheel working surfgceoreoverthe abrasive begins its contact with

the workpiece at point B and follows the curved path to poim A circular trajectory
(seeFigure2.5). This assumption implies an intermittent motion in which the workpiece
remains stationary during an individual cut, and then moves suddentypioint( to
point0 by the distancéYbefare the next cutting point engagde distancéYis defined

as the feed per cutting edgehich is influenced by thevheeltangential speed , the
workpiece translation speed and the distance between adjacent abrasiiasown as

grain spaceand can be calculated usitige following equatiorn2]:

. LY (2.8)

In Figure 2.5 the maximum uncut chip thickne&¥3 is the distance from A to [Based
on Figure 2.5 and using matheatical derivation the maximum uncut chip thickness
"Q can becalculatedusing the following equatiof2]:

0

., . W - (2.9)
@ LT g
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The mathematical derivation &fquation(2.9) can be found if2]. The grain spacingan
be approximated as follosv if the grains in the grinding wheel are assumed to have a

simple cubic packing structure, then the grain volume fractiasf the unit cell must be

[6]:

“Q
o — (2.10)

@0

whered is the length of the unit cell and each unit cell contains one grain. Combining

Equationg2.8) and(2.9) results in the following equatid]:

“Q (2.12)
T GO ¢Q i

The cutting edge density is the number of cutting edges per unit area. Since there is a
total of one complete cutting edge on the face of each unit cetiuttiag edge density

for simple cubic packing, therefore,[&:

8 P (2.12)

If the average cutting edge is assumed toCle wide, then the spacing between the

cutting edges if]:

T 2.13)
™% 0

wherert  'Q pis the ratio of cutting edge width to grain diameter.
2.6  The dressing operation

The dessingoperationis the process of conditioning the grindimtpeel working surface

to achieve alesiredgrinding behaviorEvena newly mounted grinding wheedhould be

12



dressed prior to the first operation in order to generasatigfactory grinding wheel
topographywhich has significant impaain the workpiece surface roughness, grinding

force, power and temperature.

Many proceduretiave been developed to dreginding wheed. These procedures are
generally based on one of twgeneral mthods These methods asingle point dressing
and rotary dressing Figure 2.6 illustrates the dressing operatidoy a singlepoint
dressing togl which is accomplished by feeding the dressing tath a crosseed
velocity of 0 across the rotating wheel surfagith a tangential velocity ab and with a
dressing depth ab . This kind of dressing motion is analogous to the turning operation

on alathe

The axial feed of the dressing tool per wheel revolution is called the dressirg lead

which can be calculated by the following equafi®h

Qo (2.14)
0

The overlap ratidY is the ratio of the active widifd of the singlepoint diamond tip to

the dressing leaid [6].

(2.15)

1
—~| 8"1
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Figure2.6 Singlepoint dressing of grinding wheel

Another dressing method uses a roll covarediamondsOne of he advantages of this
kind of dressings the relatively qick dressing forcomplexwheel profiles [7]. In this
method the grinding wheel with peripheral velocityvofis fed radially into the rotating

roll with a peripheral velocity ob at afeed velocity ofb , which iscorresponding to a
depth per wheel revolutiai , seeFigure 2.7. Dressing iAfeed velocity is a dressing
condition used to represent the amount of nesdovheebperrevolution[8]. The dressing
ratio, which is the ratio of the dresser peripheral velocity to the wheel peripheral velocity,
is also used to identify the dressing condition. When the dressingapiroabespar,
which is called crush dressiniipe abrasive gragmand the bonding material in the area of
the contact may be destroyed by tighhcompressive stre§s, 9].

14



Rotary
dresser

Figure2.7 Rotary dressing of grinding wheel

2.7 Summary

In this chapter thgrinding process vebriefly introduced. It was shown thatlespite the
fact thatgrinding wheels arearefully classifiedusing the marking wheel standaeich
grinding wheel has different topograpj The stochastic grain sizgrain shape grain
orientationand grain spatial distribution on the grinding wheel working surfatay a
pivotal role in the topography of the grinding whe€his fact makes itextremely
difficult to accuratelymodel the urdeformed chip geometry (uncut chip thickness and
contact length)and workpiece surface qualityrhe standardanalytical approactior
calculating the uncut chip thickness and contact lengthich is based onose
problematicassumptions, waalsoreviewed in this chapter. The analytical approach will
be compared with an experimental validated simulation techrigu&hapter5 and
Chapter 7

15



CHAPTER 3. GRINDING WHEEL TOPOG RAPHY MODELS

3.1 Introduction

The grinding proces$ias beerknown for thousands ofyears; however,it was not
scientifically examinedu nt i | t he mi d[d]l le theoykarsthah fellowed 4 0 6 s
much research has been focused on this.figldse daysgrinding operatiors area vital
economic constituent in many industrialized countrj&6]. Modeling of grinding
operatiors requires the consideration of the grinding wheel topography. Understanding
the geometry of the cutting edges, which are stochastically distribotedrienteabn the

grinding wheel circumference, amthderstandinghe mechanism afhip formation leas

to a better understanding of the grinding process.

There are two principle strategies to obtain a topography model for a grinding wheel:
using scanned informaticinom a real grinding wheel surface topogrgpbr modeling
the surfaceopography In this chater grinding wheel models will be reviewed followed

by grinding wheel measurement techniques.

16



3.2  Grinding wheel models

Domanet al.[10] has classified the grinding wheelpography models into three types:
one dimensior{1D), two dimensions (2D) and three dimensions (3Me defintion of

1D is that the model is unable providetopographical details of the wheel surface. In
other word, the wheel surface is characterizegpdmameters such as surface roughness
andthe rumber of cutting edges that are exposed on the wheel surfgZie. model, the
grains are describegeometricallyrather than empiricBl. Subsequently, the grasize
distribution, location, protrusion height and the dressing efégetinvestigated11-13].

In 3D models, not only the grain position and shape are described aslithezesional
object, but the 3D surface mmulated[14] or measured15] to descibe the wheel

surfacetopography in three dimensians

3.3 One dimensional topography models

Onre dimensionalgrinding wheel topography models were constructed to define grinding
wheel characterigts, such as wheel surface roughness and number of cutting[&dges
Peklerk [3] has concluded that any given abrasive grain migive multiple cutting
edges. Later Vé&erk et. al [16] reported that the cutting edgtdsat belong to the same
grain or to adjacent graimsight be considered as a single cutting edge, because they do
not havethe chip clearance needed for chip formation. These conclusiensused as
guidesto classify the abrasive grains into two types: static and kinematic cutting edges.
The number ofstatic cutting edges is the summation of all the cutting edges. Whereas,
the number ofkinematic cutting edges refers to the sum of only the cutting edges that
contribute in the chip formatioprocess The kinematic cutting edges are alsmwn as

the active cutting edges.

In 1952 Backeet al [17] rolled a grinding wheel under its own weight on a glass plate
covered by carbon powder. Thesultingimage was enlargeand projected o@ screen

in order to count the spots on the projected picthatindicate the numbeof cutting
points. It can be noted th#te obtained resulvasactually an estimation of the number

of peaks on the abrasive grain tipabtrudefrom the grinding wheel surfacand have

17



penetratedn the carbon film, not necessarily the number of achgtive cutting edges.
This technique andts similaities are classified asstatic methods of determining the

number of cutting edges.
3.3.1 Basic topography model by Tonshoff

In 1992 Tonshoff[18] made a survey of topogphy models prevalent in European
grinding research. Most of these modé8-24] focused orthe development of empirical
formulas, which define the static and kinematic numbeahetutting edges for a given
grinding wheel. The estimated kinematic cutting edge density was definadunction
of four factors, including theutting edge shape (SEhe speed ratio (SR), which is the
peripheral velocity of the grinding wheel to therkpiecespeedthe depth of cut (DC)
and the grain size (GS). The basic formafathe kinematic cutting edge densitas
[18]:

o "Y'OY'YO0§ "OY 3.1
The static grain densityas quantified experimentally, using various techniqeesh as
profilometry orthe stylus methodTonshoff[18] proposedasic moded in Equation(3.2)
and (3.3) that define the static and kinematic cutting edgesspectively in order to

compare different models in the grindimdneeltopography, which tdhbeendeveloped
prior to 1992.

5 8 & (3.2

& (3.3)

In Equation(3.2) andEquation(3.3) 0 and0  are the number of static and kinematic

cutting edgs, respectivelyy is the volumetrigstatic cutting edgdensity (grain per unit

18



volume),ais the depth of cufQ is the equivalent grain diameterjs the speed ratio,

0 isthe cutting edge shape constant, andnd! are empirical constants.

3.3.2 Fractal theory and Warren Liao model

The fractaltheory was originatechi1975by Mandelbrot[25]. Fractals are typically self
similar patternghat make an objecThe self-similanty meansthat objectsare the same
from near as from faiThe objectthat is geerated bythe fractal theory can be split into
parts;eachpart isa copy of theobject Figure3.1 illustrates an example of fractal objects
call ed ASi er mithe digureselitsimilaatmaggles @e arranged to make
triangularobject

AAAD
V;V v'v V*V
LA LLL A

v

v v
VVVVV

Figure3.1 Sierpinski triangle

The fractal dimension indicates desaiih a pattern. Given seffimilarity objects of(

parts scaled bgizei from the whole, the fractal dimensi@is defined by10]:

(3.4)
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For example in the fractathown inFigure 3.1, there are three sedimilar triangles
making anobject in whicha single triangle is scaled by half ofettentire fractal object.

Thusfractal dimension is

pd Yu (3.5

o lis
I

The fractal theory has been used to characterig@mand workpiecepapergroundand
grinding wheel topographieg26-28], becausehe abrasive grains have quite similar
geometry Warren [29] used the fractal dimension to characterize a diamond grinding
wheel. The fractal dimension of the grinding wheel profile was determined for different
scale length as illustrated irFigure3.2. From the figure, it can be noticed thhetscale
length controls the profile shape. Whtre scale length decreasesore of the profile
detail is gainedand the profile length becomes long@farren[29] used the following

eqguation to calculatdéfractal dimension.

0 o e (3.6)
| 1iC

where0 is the total profile length anid is the scale lengtiWarren[29] concluded that

a finer wheel requires a shorter scale ler{gthsampling intervaljo estimatethe surface

roughnes®f the grinding wheel

20
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Figure3.2 Schematic of grinding wheel profile with (a) fine, (b) medium, and (c) coarse
scale length29].

3.3.3 Hou and Komanduri model

In 2003 Hou and Komandu[80] provided a grindig wheel topography model based on
stochastic approaches. The model deterchthe number and therobability of a certain
grain sizewithin the grinding wheevolume Figure3.3 plots of the mean grain diameter
Q versus the grain siZ@ , which can be obtained from the grinding wheel marking

system, from which the followinlgestfit relationwas obtained30]:
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0 ¢ §Q 8 (3.7)

dmean = 28.87 d9_1'18 : .

Mean diameterd,,cqn [mm]

10
Grain sizedg 100

Figure3.3 Plot of the mean grain diameter versusdheasivegrain sizg30].

Hou and Kbomanduri[30] determinedhe average number of the graper unit length on

the surface of the grinding whael by usingthe following equation

5 ’Qp n & (3.8

In the above equatiotw representshe abrasive grains volume fractiofherefore, e

average number of the grain per unit aseas given by{30]:

,QP LIS (3.9)

Hou and Komandur[30] assumedhat the abrasive grain size on the grinding wheel
surface conforms to a normal distribution The normal distribution function is

mathematically expressed by the following equalRfj:
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b6 L_ o 8 (3.10
Ng*
whered o is the probability of valuga Figure3.4 plots the probability versus the grain
size. The probability of a range of grain size (frdfh & to &) could be defined by
integrating the probabilitycarve from the lower integration limit of to the upper

integration limit ofc) see Equatio3.11), which determines the aréatween the limits
andthe curve.

Figure3.4 Normal distribution plot of the frequenegrsus the grain diamet&0].

5o 2 o qo (3.11)
Vi

Figure 3.5 illustrates a schematic grains with various sizewhich are aligned to the

top. Hou and Komandurj30] assumed that the grains with size fréln 1) to Q

‘Q are active grainsThus, Equatior(3.11) was used with upper lower limit @f and
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upper limit of Hb to calculate the probability of the active grairmead n in

Figure3.4. The lower limit of active grain was defined by the following equdtsi:

N | &

(3.12)

e
n|~<|5q~,'

wherg is the range of grain size ald is the depth of cut.

Smallest active _
contacting grain Smallest grain

dg_max

p

N

Y P .3

| Y
/' W/ Y, A a’ O\
. Aijng Wheel .
Largest grain indentation AreaP(p): Probability of

active contacting grains
Work surface g9

Figure3.5 Grain sizedistribution and thenpbability of active grain§30].

3.3.4 Koshy et al. model(1)

Koshyet al [12] developed a topography model of a freshly dressed resin/metal bonded
diamond ginding wheel. The formulated mathematical model estimates the planer grain

density, the percentage area due to the abrasives on the wheel surface and the abrasive
protrusion height distribution.
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The grains were assumed to be spherical in shapeawattius distributiorthatconforns
to a symmetric truncated normal distribution as showifrigure 3.6. The probability

density function of grain radsi is given by the following equatidi2]:

o .. 8— . L (3.13

wherei [[is the average of the grain radius andis the standard deviation of the grain

radius, which was given by the following equat|@]:

i i
o (3.19)
()
Il
~
LQ
N—r
S
. 6 g, .
< '>|
( ).
Tg1 1 Tg2

Figure3.6 Distribution the grain radiud 2].

The termd in Equation(3.13) is an empirical constant. Koslef al [12] considered a
cube of volumed units of the wheel material for modeling as showrFigure 3.7.
Equation(3.13) was used to define the probability of the protrusion height of the grains

that exists between two arbitrary heigtitandc(seeFigure3.7) as followns [12]:

0o 1 ® O — Qi Qi Qo (Gl
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whereais the length of the cubic of the wheel material ani$ the coordinate of the

grain center as shown Figure3.7.

P30

1 T Wheel
material

Grain
l

Y

X1

Figure3.7 Parameters of the mathematical model.

Koshy et al. [12] estimated the average number of the grains that pratraideve the

bond level using the following equation:

ﬁ o i o O (3.16)
wherew is the volume of the abrasivdsigure 3.8 shows the distribution of protrusion
heights for various grinding wheels with different mesh numbersciilye sizea

p T &. Koshyet al. [12] compared the result using Equati@l5) with experimental
data reported by Yuhtat al [31] and Syojiet al.[32]. It was found that Equatiof3.15)
predicted a maximum protrusion height of ‘34xfor mesh number 270/325, and 654
for mesh number 140/170. While the experimental data reported by ¥ualkd31] and
Syoiji et al.[32] predicted the maximum protrusion height of'3@and 67° &for these

grain sizes, respectivwel

26



12 +
270/325 140/170 60/80 30/40 20/30

o Bt /
|
S ol /
X
>
%
o 6 F
o
o

3 -

1 1 | 1 1 | 1
0 100 200 300 400 500

Protrusion heightyimn)

Figure3.8 Protrusion height distribution for various grit s{A2].

3.4 Two dimensional topography models

3.4.1 Koshy et al. model(2)

In 1997 Koshyet al.[13] expanded their 1D mod§gl2] to 2D model, whictpresented a
stochastic simulation of metedsinbondeddiamond grinding wheels. Diamond abrasive
grains were stochastically distributed in a volume of a cube of.side grain size was
assumed toconform to normal andsymmetrically distributed about the mean grain
diameter. The standadkviation of the gain diameter, was given inEquation(3.17)
[13].

Q Q. (3.17)
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Since the model was related to the topographgrekin/metal bondediamond grinding
wheel it was assumed that the dressopgration does not act on the abrasive grains but
the bond materialUnder appropriateonditions sme dressing techniques may dress the
diamond wheel withlittle or no damage to the diamond abrasivexluding

electrochemicdll33], electrical dischargi84], androtary wire brusi35].

The dessing operation gradually removes the bond material around the diamond
abrasives. As a result, the protrusion heights of the abrasie@screasedEventually,
the abrasiveghat are not rooted deep enough in the bond material cannot withstand the
dressindgoad; hence, these grains are dislodged from the boatgrial In Figure3.9 the
dislodgement of a graiwith adiameterof Q occurs wherihe relation(3.18) is satisfied

[31, 36, 37]
W
o 11t (3.18)

The abrasive grainere stochasticallysized anddistributed inthe bond material. The
bond material was represented asubicwith a side oftt Thew &y andd coordinates of
the center of each graimas uniformly distributedetween (A ) and { THA ).
The distribution of grain location had to pass the condition shown in EqU&tbS)

[13]. This conditionensures no overlapping between the grains.

Q Q (3.19)

wheredrom ptoQ p.

In Figure 3.9 the exposedgrains can be identified by satisfying the following condition
[13]:

o . 2 (3.20)
S
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The protrusion heigh of agivenexposed grain, as shown figure 3.9, was defined

by the following equatiofil 3]:

CA

s 20 (3.21)
S

whereO is the bond surface height.

Non-exposedyrain
d

g Bondsurface
I h
X

Zi

Hy

U ;a9

L.

Figure3.9 Scheme for identifying protruding abrasive grgif].

Koshyet al.[13] concluded that the distribution tife grain®protrusion height in freshly
dressed diamond wheel was unifgormhereas inter-grain spacing between exposed
grains conformed to a gamma distribution. The percentage of the projected area due to

the protruding grains was founa beindependent of the adsive grit size.

3.4.2 Chen and Rowe model

Chen and Rowgl1] developed a model that todke dressing process ind@count. The
topography model is influenced by the characteristics of the grinding wheel, the dressing
diamondshape and the dressing conditioRgyure 3.10 shows the relationshipetween

theinput andthe outputof thedressing process.
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Figure3.10 Relationships in a dressing procgks].

The grain sizethe packing density of the grains in tigeinding wheel and other

parameters represent tgeinding wheel characteristics. Chen and Roj4&] assumed
thatthe grinding wheel is composed of spherical gravith diameterof ‘Q , which are

evenly sized andandomly distributed throughout the wheel volume. Thaing are
initially arranged using a simple cubic unit cell (SSuibsequentlythey are randomly
rearranged. Each individual grain is located in the grinding wheel bgltbeing matrix

[11]:

o Opp Yo 'Y
G Ohi Opp O 'Y (322
O Orp  a Y

wherethe average spacirig & «y andd directions are equals, i.¥0 Yo Ya 0,
since the spatigbrobability is assumed to be uniform. The total voduaf the grains in

one cell ofSC is calculated bji1]:

o P (329
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where0 is the mesh sizeThe grain packinglensityw, determined byEquation(3.26)

[2], is the ratio of the total volume of the grains in one cell to the whole volume of the
cell, thereford11]:

o Ln 9 (3.24)
) @0
, 0 ) (3.25)
o
® coc 'Y (3.26)

where"Yis the structure number of the grindwheel and is theintergrain spacindthe
space between the centers of adjacent grainsEquation(3.22) Y ,Y and’Y are
random numbers which are generated betwesmd0 by a computer program. Theter
grain spacingnust be always greater than the grain dianm@teptherwise the grains will
interfere with each other Therefore, Chen and Rowgl1l] made a rule for the

rearrangement of the grains location procedsich is the satisfaction of the following

relation:
QO A0ywn  Q (3.27)

whereQ "O;; HOy y i is the distance betwedine centers addjacent grains.

Since grinding wheels areodified by the dressing process, Chen and Rojtd]
performedthe dressing process on the grains after li@domization process to gat

more realistic wheel topography model. A single point diamond dresser was used to cut
the grinding wheel working surface. The dressintpol tip shape was assumed to be
parabolic. The dressirtgol passes helically over the surface of the grinding wheel. Chen
and Rowe[11] considered two main mechanisms in the dressing operatiomlutise

cuttingandthegrain fractureFigure3.11 shows that one grain may have several dressing
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trace lines. In practice, thesecelines does not conform precisely the grain cutting
surface aftethe dressing operation due to the fracture of the grains on grinding wheel

thus Equation(3.28) represents the modified cutting surface of the gfat.
a ® Qo QOBT® | p (3.28)

where"Qw is the grain surface resulting from the diamond dressingpatha random

frequency| is a random initial angleand Qs the amplitude value of the sine wave.

As shown inFigure 3.11, the amplitude valuéQ controls the fracture size and it
proportional to he intersection area between the diamond dressing path and the grain
0 , as well as the overlap ratity . Therefore, the amplitude value of sine wave was
definedas[11]:

0 oY (3.29)

whereQis proportionality factor, which waset t00.25 to give reasonable simulation
results and™Q is dressing lead as shown kgure 3.11. In this model he intersection

aread was calculated numerically

fa

E Grain fracture contour

& N
< 7>,

Intersection ared;,; Fracturearea Dressingtracef (x)

Figure3.11 Cutting edges generated by dressing fradqtlitg
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3.5 Three dimensionaltopography models

In the 3D grinding wheel topography models the grinding wheel working surfatbes
experimentally or statisticallgharacterizedn detailto beemployedin simulation of the
effect of the dressing process of the grinding wheel topographyto generate a

simulated ground surface of the workpiece
3.5.1 Hegeman model

Hegeman[14] has proposeda threedimensionaltopography model that assumdee t
grains havean ellipsoidal shape. The ellipsoidal grain size and orientation are randomly
changed. The grain shape function in the wheel global coordinate sysgiet is

o O ® O (330)

where GOy 1 is the location of the grain center, andi andi are the grain

axis radii ina wanda directions, respectively.

Hegeman[14] applied a dressing function to his model by generasingpbnsmooth
surface onthe grains. SinceEquation (3.30) generates smooth ellipsoidal surfaces,
Hegeman[14] defined a stochastic periodic functioBguation(3.31), to simulate the

effect of dressing.
a o AiO® | Ai0o | (33

where] ,| ,17 and| are random number&igure 3.12 shows the results of the

simulation ofHege mands t o p withautadoelsing Theowheel surface is
located atx Tt This model requires some parameters, which are list€dhle3.1, that

are experimentally determined.

33



Table3.1 Required wheel parameters in Hegeman model.

Wheel parameter

Symbol

Experimental technique

Grain density per unit area

Scanning electron microscopy

Grain base radius

Confocal scanning optical
microscopy

Grain protrusion height

Confocal scanning optical
microscopy

Ellipsoidalgrainunit cell

Wheelsurface

Figure3.12 Schematic of Hegeman model approximation of the grinding wheel

topographyf10].

3.5.2 A framework for general 3D model by Doman

Domanet al [10] constructed a framework f@ general 3D topography model from a

survey of the grinding wheel topography models prior 2005. Doetaral [10]

summarized the grinding topography model in a general modeling approach, as shown in

Figure 3.13. The framework has tweprinciple parts. The first art is the modeling of

undressed grinding wheel topography, while the second part applies the dressing process

to produce the final grinding wheel topography model.
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Figure3.13 General 3D physical topography model apprda€h.

In the first part of the framework the grains are randomly shaped, sized, and located. The
abrasive grairshape, whichs usuallysimplified by spherical, size, and location are set
uniformly. Consequently, the stochastic randomizing function is applied to randomize the

grains size and location. The resudtmodel is then ready for the dressing process.

The fcond part on the framework model consists of the dressing technique, which is a
product of three major mechanisms. These mechanisms are grain fracture, ductile bond
cutting, and grain deformation. All these mechanisms are affectethebgressing

parametg such as dressing tool shape, dressing depth, and dressing lead.
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3.6  Grinding wheel surface measurement

Grinding wheel surface measurement methedsereviewed by Verkerf16] including

grain counting, profilometry, and a taper print method1996 Lonardcet. al [38] also
reviewed grinding wheel measurement techniques and classified the 3D surface
measurement instrument to distinguishtween contact and nesontact measuring

methods.
3.6.1 Contact measuring methods

Surface measurement usiagtylus, which has beamsedsince 192738] and is still the
most widely used for the measurement of surfacemoess, isa contact method. In this
techniquea small force is applied by the stylus tip to ensure coatimgontact between
the stylus tip and the measured surface during the measurement protetheeurface
measurement process using the stythus stylus tip travelacross the surfa@ndrecords
the changes in the profile height of the surfatlis process can be repeated in
orthogonaldirectiors to measurea surface in 3D(rastor scan procedurelunt and
Ebdon [39] used aSomicronic Surfascan 3D styHmsed measuring instrumeand
Nguyen and Butlef40] used a Talyscan 150 stylus systemcharacterize the grinding
wheel surfaceThe surface measurement process gusinprobe is also classifieab a

contact measuring method.

3.6.1.1 Xie et al.model

Xie et al. [15] introduceda measuring system that provides 3D wheebtppphy data.

The system employetlH-65 coordinates measuring machine (CMM) to conduct the
measurement of grain protrusion topography on the wheel suF@cee 3.14 illustrates

the schemefor the 3D measuremenbf the grains. The T & & diameter spherical
carbuncleprobe touches the wheel surface circumference and records the coordinate

system of each point. This procedure is repeated at each level of degttvheel width

(y-axis). Each measurgubintd whx is transformed to the polar coordingtei h—

by the following equationgl5]:
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Figure3.14 Scheme of 3D measuring of grain protrusion surfabég
Figure3.15 shows the measured profile. The meadiusofi used as a@atum surface

radiuswasgiven by[15]:

(3.34)

The measurements were converted to an arc léngtiind a protrusion heigfit using

the following equationgl5]:

I - (339

5ol i (3.36)
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Figure3.15 Thegeometrical mode of the grain protrusion profile

Figure3.16 shows the 3D grain protrusion topography on the wheels working surface. By

enlargng the measured area of the grinding wheels work surface, more informadion ab
the grain protrusion distribution can be obtained

15, e Measuredpoint
b
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Figure3.16 Grain protrusion topography on wheel working surfgicg
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Due to the stylus and probe geometry, however, it is difficult to medkaresmall

features that make up a grinding wheel surface; alsanfoemation of the measured
surface at the deep peaks is not reachable. Therefore, the measurements were made
diredly on the outmost layers of the grinding wheel surface. Moreover, when increasing
the measuring speed (scan speed) the stylus tends to lose the contact with the measured
surface resulting in low pass filterifig8]. In addition, using the stylus or probe on a very
rough hard surfaces such as grinding wheel surfaces can cause accelerated wear to the
stylus[36].

3.6.2 Non-contact measuring methods

Non-contact methods seem to be maergtable for the measurement of the grinding
wheel topography41], because in contact methods the measurement result is greatly

influenced by the measuring tool geometry as well as the measurement me¢B8&hism

Several attempts of nesontact methods of grinding wheel topographgve been
conducted; thesmethods can be classified as raptical or optical techniques. The nron
optical noncontact techniques include Scanning Elattidlicroscopes (SEM) and

Acoustic Emission (AE) sensors.

Matsunoet al. [42] used a scanning electronic microscope to generate a stereographic
image of the grinding wheel surface; however, this technique requikesyasmall
sample sizeqd ¢ & a), whichmay not be sufficient to characterize an entire grinding
wheel The stereographic imagé the grinding wheel surfacgas converteéhto contour

plots allowing ctting edge density at different level eofheel surfae depth to be

observed

Syoji et al. [36] useda pair of scanning electronic microscope stepbotographgo
generate the grinding whetlpography in three dimensiortsy companng photograpk
taken simultaneousfiyom different angle Information about the third dimensi@mage

depth canthenbeobtained through a triangulation process
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Weingaertner and Boardd3] usedan acoustic emission sensor mounted odressing
tool to count the number of cutting edges on a grinding whiés.system could map the
location of cutting edges but could not directly determine the cudohge size or
protrusion heightAcoustic emission was also used @lveira [44] to define the wear

and surfacéocation of the grinding wheel.

Optical noncontact approaches include conventional optical microscopesfaauiging
systems, white light interferometer and binoctareovigon. Lachanceet al [45] used

a conventional optical microscope with inline lighting mounted on a grinding machine to
identify cutting edges with wear flats between grinding cycles but could not identify
sharpcutting edges or the protrusion height of cutting edijesaki[46] and Xieet al

[47] usedan autefocusing systenthat reled on the fact that the intensity of light
reflected from an object that is in focus is higher than when it is out of fdbus.the in

focus distance can be used to determine the height of a cuttingYeuhget al. [48] used

a white light interferometeto measure a sample of a grinding wheelthis technique

the depth of an object is determined by examining the interference pattern produced when
white light from a single source is reflected off the desired object amobde reference

object.

Zhanget al [49] used binoculastereovisiorto measure the grinding wheel topography.
In this system two imagesf the grinding wheebre taken from different locatisrand

the principles of triangulation are used to determine the height of a cuttingledge.
worth mentioning that albf the noncontact techniques reviewedith the exceptions of
the work by Weingaertner and Boar¢#3] and Lachanceet al [45], have small
measurement volumes and could only measure very small grinding wheels or rétpired

destructive preparation &drger grinding wheels limitigp their pracital application.
3.7  Uncut chip thickness and contact lengtimodels

In grinding, as inall machining methods, the material is removed in a chip formation
process, but at a much finer scdlrie to the stochastic nature of grinding wheels, it is

difficult to cdculate fundamental geometric properties of grinding such as the uncut chip
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thickness and contact length for individual grains. These quantities are essential in order
to accurately predict forces, power, temperature, and workpiece surface roughness in

grinding.

There has been extensive research conducted into the modeling and simulation of
grinding wheel surface$songet al. and Nguyetet al.[50, 51] conductedwvork into the
simulation of the interaction between the grinding wheel and the workjuestedy the

result on the workpiece surface roughness or on thexrdetation of the active grains

The results of tis research, however, iaot translated into estimaef the uncut chip
thicknesses and contact length partly due to the lack of grinding metal removal models.
However,work ha been conducted to estimate the uncut chip thickness and contact

length either analytically or experimentally.

In 1992, Zhanget d. [52] proposed a formula to predict the contact length based on the
cutting force, elastic deformation and one empirical constangt @i. [53] modified an
orthogonal contact leig modelbased orQi et al.[54] and concluded that the magnitude

of the real contact length is up to three tintiest of the geometric contact length. The
work was conducted by replacing the force variable in the orthogonal contact length
model by an empirical formula and specific grinding pottert can be easily obtained.

In 2011 a new methodology for the estimationtlod actual contact length in grinding

was proposed by Iniget al.[55]. In their proposal, they have attached thewuaoples to

the workpiece (100 pm below the work surface) and measured the changes in the
temperatue during grinding. The temperature was measured versme and

subsequentlgonverted to the contact length.

For the uncut chip thicknestew works were found in the literatureview to determine

the uncut chip thicknes&Vork has been done by Broughal. [56] to analytically re
examine and develop the uncut chip model, which was developed by Reichehlhch
[57], by takinginto accountthe active cuttingedge distribution. Zhanet al. [58] used a
Carbon Nanotube grinding wheel (CNT) to experimentally measure the chip thickness of
the produced chip. They concluded that the chips were difficult to measeirt® dbe

chip sizes and agglomeration destiiteuse of high magnification up tg& p @
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In 1974 Breckeret al. [59] developed a dynamic method to determine the number of
grains per unit area that not only appear in the grinding wheel surface, but also participate
in the cutting operation. A thin workpiece, that endwmely one grain wag) contactat a

given time, wasnounted on a very high natural frequency dynamometer to measure the
normal force. The number of chips produced in a given time was determined by counting

the number of force peaks from the plot.

Througlout the previous research,however, the grainsvere assumed tdhave even
distributon, size and protrusion heighfis a result of these assumptsothe grainwould

bein contact with the workpiedeom point B to pointA in Figure3.17.

Grinding wheel

Workpiece

Figure3.17 Surface grinding.

3.8  Summary

This chapter reviewed sonw the research conducted into the modeling of grinding
wheel topography and the interaction betwées abrasive grains based on simulation

techniqus. Although some works haveucceededn descriling the wheel surfacand
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predicing the machined surfageughnessthe results have nbeenextended to describe
the chip geometryproduced byeach individial abrasive grairthat is exposed on the

wheel surface

Although the reviewed noncontact methods seem to be more suitable for the
measurerant of the grinding wheel topograplel] the norcontact techniques (with the
exceptions of the work by Weingaertner and Bog#A®) and Lachancet al [45]) have

small measurement volumes. Methodslsas scanning electronic microscope may not

be sufficient to characterize an entire grinding wheel. These methods measure only very
small grinding wheels or require the destructive preparation of larger grinding wheels

limiting their practical applicatin.
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CHAPTER 4. 2D METAL REMOVAL SIM ULATION FOR
GRINDING

4.1 Introduction

Due to the complexity afhe grinding wheel topography atfte interaction between the
abrasive grains and the workpiece during grindihg,analytical models tend to produce
inaccurate estimates tie uncut clp thickness and contact lengthhe purpose of this
chapter is to develom 2D simulatiorbased stochastic method toore accurately
calculate the instantaneous uncut chip thickraggb contact length, and investigate the
effect of the grain size, grain spacing and grain protrusion heligtribution on the
calculation of the uncut chip thickness and contact lemgtbubsequent 3D model was
built on ths 2D model.

4.2  The simulation theory

The modified 2D zZmap technique is based on the work of K&a]. Ki méds met hod
selected because it gsrelatively straightforwardmethodto implement, computationally

efficient and easily scalable to 3D.
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4.2.1 z-map technique

The zmap technique is used for performing simulation and veriboat cutting milling
operatios to evaluate the workpiece surface roughnggl. In this technique the
workpiece is modeled as a set of discrete columns in a Cartesian space as shown in
Figure4.1. The height of each-@olumn is soredasa number in an array called the z

map. The simulation is performed by intersecting the lines, which are defined by the z
columns, with the geometry tool motioster each intersection the value in thenap

is compared with the intersection résuf the intersection result is smaller than the z

map value, the value in themaap is replaced by the intersection value. Tmeap can be
displayed to visually inspect the results

Cuttingtool

z-value ~

y z-mapplane

Figure4.1 The zmap technique.

4.2.2 Modified 2D z-map technique

A 2D version of the Zmap techniquean be used for th@mulation of metal removal in

grinding. In the modified 2D-map technique, the workpiece material is represented by a
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set of evenly spaceerticalline segments as shownkigure4.2. The length of théine
segmerd represerd the workpiece height while the number of line segments times the
space between adjacent line segments represents the workpiece length. The atcuracy
the workpiece representation is determined by the spacing bhéheegmergor by the

line segment density , which is the number of line segmepier unit length Smaller
spacing will result in a more accurate model, whereas larger spacingsilt in a less
accurate modelin other vords, the highettheline segment density the more accutae

model The line segment density can be calculated as follows:

v (4.2
a

where( is the number of line segmerndd  is the workpiece length.

Pathof Grain

RN ’ (xc 'yc) T
- ~
A, ™~

N ~ (]
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Figure4.2 The modified 2D zmap technique for grinding.
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Each line segment is represented byormedimensional parametric equation. The

parametric equation usesemgthparameter calle?

(4.2

(4.3)

wheret "Q p
4.2.3 Simulation of grain motion

The grain geometry has often been approximated by spligtes62] cones[63],
ellipsoids [14, 24] or has been generated from modified basic geometries, such as
octahedrons, cuboids, and tetrahedrf8¥. In this simulation the abrasive grains are
assumed to have a spherical shape; therefore, circles will represent the abrasive grains in
a 2D models shown irFigure4.2. Note, however, that in this technique the grains can

easily have different shapes.

The grainstravel along a trochoidal path, which is a combinatiom afrcular rotation
and a linear traglation as expressed in Equati@®) and(4.5). These equation are used

to define the grain centet» o at timed:

Q Q . 0O U
: e ‘ 4.4
@ o0 VO c Ot i-5—a 1 ) (4.4)
C
Q Q 0O L
: - : (4.5)
@ o ¢ Qg oo | ©

where(s the grain index0 is the workpiece speed, is the cutting speed) is the

grain diameterQ is the grinding wheel diameteb andw represent théocation of the
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grinding wheel center at initial tim@& ( i ‘Qandf represergthe grain angle which
is measured at initial timed( 1O A As shown irFigure 4.3. The grain angle for

each grain is calculated by the following equation:

! w0 (4.6)

where0 is the grain intespacing, which is the space between the centers of adjacent

grains.Theterm @ 0) in Equation(4.4) represats the feed motion, while the term

WE i represents thexcomponent of the rotationf ¢the grain around the

wheel centerThe wcomponent of the rotatioaf the grain around the wheel center is

determined bythe term i Q& in Equation (4.5). In this simulation

technique the relative feed motion is accomplished dyheel translationwhile the
workpiece stays stationary.The initial location of the grindingvheel center & hw
shown inFigure4.3 is defined by the following equations:

6 @ 6 (47

Qi (4.8)

whered is the workpiece height.
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Us

Workpiece

Figure4.3 The initial location of the grinding wheel

In order toapply the simulation ate grainmotion, time waglivided intodiscrete equal
time steg] OThus, thegrain motion starts at timé Ti ‘Qandthe material removal
simulaion is applied for this momentheneach grairwill be moved intermittentlyusing
Equation(4.4) and Equatior(4.5) to the new location with respect to tine (1 pand

(t 7 01 0 andso on.The discretdime interval issetas following:
o mh &g o b @8 (4.9)
The time step ds determined by the following equation:

@ (4.10)
” l‘)

where Q0 is the time step factor. When the time step factgr(§&  p), the time step
will be enough for each grain to travel a distance equal to the space between each two

adjacent line segemts.Full engagement between the grinding wheel and the workpiece
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is achieved when the center of the grinding wheelhw aligns with the fist point on
the workpiece irxdirection. The time required for full engagement can be calculated by

thefollowing equation:

YORE) (4.11)

4.3 Metal removal

Intersecting the circle with the line segments at discrete time intervals simulates metal
removal The portionsof the line segments that aneside the circle (dashed lines in
Figure 4.2) are removed by adjusting the length of the line segmé&igsation(4.12)

describes the circle wtt intersects the line segments:

(4.12)

where'Y is the circle radiusTo define the intersection point between the circle and each
line segment, Equation@.2) and (4.3) are substituted into Equatiadd.12) to obtain
Equation(4.13):

. (4.13)

where:

. o (4.14)

To determinao , Equation (4.13) is rewritten in the quadratic equation form as

following:

cw Cw 10 (4.15)
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The length parametéfis then found by rearnging Equation(4.3) in the following

manner:

- W W (4.16)

Since the linessegment will be cut by the lower half of the circle, onlyitmaus sign( )
in the Equation(4.15) is considered. Note that the length param&ean be one of the

following cases:

1. "Q & G p when there is no intersection point between the line segment and
the circle.

2. 'Q 1k 'Q p when the intersection point is outside the range of intersect.

3. T "Q pwhen the intersection point exists on the line segment.

Once the length parametéRis obtained with a value aft "Q p the cut portion is

removed by substituig the valueof w with the value ofw that is obtained from
Equation(4.15).

In order to reduce the time required for the simulation, only the line segmengsetmat
the interval @ 'Yho 'Y are checked for theuting process at each discretme
step for each grain. Using this formulation it is easy to control the accuracieof t
simulation by specifying thiine segmentensityand the time step.

4.4  Uncut chip thickness and contact length calculation

Figure 4.4 illustratesthe simulated uncut chigeometry The dimensions in the vertical
direction are exaggeratéu orderto emphasize the chgeometryandthe grain is shrunk
to illustratethe positionof the grainon the chip.The dashed lines are the segments that
are removedby thegrain The coordinate system for the top point of the cut line segment
is whd and for the bottom line isoht . The uncut chip thicknessan be defined as

the shortest distance between the chip vertex (jpamEigure4.4) and the chip bottom
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line (from pointd to point¢ in Figure4.4). Thefollowing equation is used to calculate

theuncut chip thickness:

Qa0 e 0 0 o (4.17)

In Figure4.4 the distance between poiaaind pointd is referred to as the actual uncut
chip thickness, whiclkian be approximateby the distance between podrdnd pointd .
The distance between poiatand pointa is referred to as theertical uncut chip

thickness ands calculated by Equatio@.18):

0 o O (4.18)

Actual uncutchip thickness,,

Vertical uncutchip thicknessh,,,, I ‘ i=n

Instantaneous uncut chip
thicknessh,,;

O, vi)

(xi,yi)\

Instantaneousontactlengthl;

Figure4.4 The uncut chip thickness and contact length on the simulated chip.

The comparison between the actual and vertical uncut chip thickness will be presented in

the simulation accuracy section.
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For the contact length calculation, Equat{drl9) is usedto define the summation of the

distances between the bottom poiridto of adjacent cut line segment

a ® 0 0 (4.19)

During the progress of the cutting process the instantaneous uncut chip thickness and the
instantaneous contact leng{seeFigure4.4), can be calculed by Equatior(3.14) and

Equation(4.19), respectively, wher& & anda a.

The chip can also have more complex shapes as sh@ure 4.5. This shape can be
generated when two traces or paths of successive active grains overlap causing the chip to
have multiple cusps. To avoid incorrectly calculating the maximum uncut chkmésis,

the maximum uncut chip thickness is calculated as the maximum value of the

instantaneous uncut chip thickness at each time step, as shown in the following equation:

N A hQ mo¢ (4.20)

hin

2

Grainpath

Contactlengthl,

Figure4.5 Different shape of the simulated cut chip.
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4.5 The grinding wheel models

The proposed simulator was used to calculate the uncut chip thickness and contact
lengths fortwo types ofmodels of a standard grinding wheel. The fimrsbdel type

referred to as the constant value model, assumes a constant gragmasizgpacing and

grain protrusion height This model was the benchmarkand contains the same
assumptios inherentin the amlytical approach described ire@ion 2.5. The second

model type, referred to as the stochastic model, assumes that the grajrasi=gacing

and grain protrusion height have a stochastic distributiGiour models, which are
different versions of the stochasticodel, were implemented in order to identify the
individual effects of stochastic grain sizgain spacing, andyrain protrusion heighon

both the uncut chip thickness and contact length. These four models are referred to as the
stochastic grain s i zwhen molyd grdin sgaéirfgtandcdraens t i ¢
protrusion height are constant st ochasti ¢ s paciwhenomygaie | (AS
size and grain protrusion height are constastbchastic protrusion height model
(ASt oc hawhen anly gtaindosjize and grain spacing are consaat the full
stochasti c modewhen(gran $ize, grain spacimgpandigracotrusion

height are stochastically distributed
4.5.1 Constant value model

In the constant value model the information from the wheel marking system is used to
determine the average grain diameter and the average spalticgtting edgesn this
modelare assumed to protrude from the grinding whesgipheralthe same distance. A
wheel with a nominal mesh size or (grit number) of 60 and streictumber of 8 was
used in thismodeland the stochastic moddlhe marking system of the grinding wheel
was WRA-60-J5V1. This type of wheel is typically used for surface grinding steels to a

medium surface finish.

Equation(4.21) is used to define the abrasigrain size for a given mefh:
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Q p&bD (4.22)

wherel is the mesh number. Equati(®h22) providesan empirical relationship between

the grain volume fractiofpacking densityand the structure numbg]:
w Tm8rcog Y (4.22

where “Yis the structure numberrigure 4.6 illustrates the constant value model.
Assuming thgpacking densiytin 3D is the same inR2, the grain spacing and the number
of grains can be defined in the following manner. The packing dénsityhe area of the
all grains to the area of the grinding whesd expressed in the following relation:
, t8 LS Y (4.23
0 ?’Q ' ¢Q

T
The number of grains then:

Qi Q0 (4.24)

55



Figure4.6 2D Constant value model.

Given the number of grains in the wheel model, the grain spacing can be calculated using

the following equation:

T Q Q (4.25)

According to the aforementioned equations (from Equdddtl) to Equation(4.25)), the
constant model for the grinding wheel, which has a grit numbep mand structure

number ofy, has the parameters that are listed@able4.1

Table4.1 Grinding wheel constant model parameters

Parameter value

Wheel diameter C TIan &
Number of grains PULPD WQE I
Grain diameter ] VO Q&

Grain spacing ™ poa

Grain protrusion height p TIdr &
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4.5.2 Stochastic modet

Stochastic models of grinding wheel generally consider the grain size, spacing and
protrusion height. The stochastic model, which is used instmslation is a modified

version of that proposed t§oshyet al [13].

In the manufacture of grinding wheels, the distribution of grain sizes for a given nominal
grain size usually takes the formaihormal distributior{12, 30] A standard grit number
is defined in terms of grain sizes corresponding to five sigsFor example, grit
number 60 involvesbrasive grains caught on sieves number 46, 54, 60, 70, and 80.

Using Equation(4.21) and grit number 80, 60 and 46 the minimué ( ), averag
(Q) and maximum'Q ) grain size were calculated, respectively. The standard

deviationof the grain diameter was defined as follows:

Q. Q. (4.26)
®

The protrusion heighO is the distance that a cutting edge protrudes from the center of
thegrindingwheel as shown ikigure4.7. Researchers aisomewhat divided on whether
the protrusion height is a normal distribution or a uniform distribJti@h In this work a

uniform distribution with the following characteristics was used:

Q Q
- 0 T m0 (4.27)
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Figure4.7 Grain height arrangement

Based on experimental results, Koshl al [13] concluded that the grain spacing
conforms to a gamma distribution. Thus, a gamma distribution with minimum and
maximum values of grain spacing that resinta mean grain spacing o8 p @ & was

used in the stochastic model.

For simplification purpose, ie stochastic models were made in a separaggram from
the simulation programrhe grinding wheelstochastic models wetéen provided as a
pre-constructed array in thgrinding simulation programin the wheel model array, each
grain is speified by its size, spacing and protrusion heightfunction wasusedto
generate random numbers betwegandp for each stochastic modeaking into account
whether the histogram of the generated numloersform to a normal distribution,
gamma distribubn or uniform distributionThe parametearof the stochastic models are
listed inTable4.2.

Figure4.8, Figure4.9 andFigure4.10 plot the histogram distributions of the grain size,
grain spacing and grain protrusion hejgbspectivelyfor each stochastic model
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Frequency [%]

Frequency [%]

25% T
20% -
15% —

%

0.19 0.218 0.246 0.274 0.302 0.33
Grain size [mm]

Figure4.8 Grain size histogram (Stochastig model)

35% |
30%
25%
20% |
15% |
10% 1

5% +

0%
0.25 0.39 0.54 0.68 0.82 0.96
Grain spacing [mm]

Figure4.9 Grain spacing histogram (Stochastic L model)
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Frequency [%]

R &8 2 2
> > > >
e

0% -+

10% +

100.000 100.005 100.010 100.015 100.020 100.025

Grain protrusion height [mm]

Figure4.10 Grain protrusion histogram (Stochadtig model).

Table4.2 Grinding wheel stochastic models parameters

Model Parameter value
Number of grains 1515grains
, Graindiameter Stochastic
Stochastic dg - -
Grain spacing 0.415mm
Grain protrusiorheight 100 mm
Number of grains 1515grains
_ Grain diameter 0.253 mm
Stochastic L _ _ _
Grain spacing Stochastic
Grain protrusion height 100 mm
Number of grains 1515grains
, Grain diameter 0.253 mm
Stochastic Hg - -
Grain spacing 0.415mm
Grainprotrusion height Stochastic
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4.6 Visualization and resolution assessment

4.6.1 Visualization of metal removal

To avoid errorsthe simulation required visual monitoring verify simulation of the
grain® movement and theimulation of material removaFigure 4.11 shows asample
visualization of the grinding simulatioithis figure shows that the simulation is working
as expectedThe grain size and spacing in theel model used in this test were
exaggerated. This model was specialbystructed for this test in order to emphadize
grain movement and cutting simulation. In this test the grain ablanges to green as
soon as it eters the cutting zone area acttanges back to blue as soon as it leaves the
cutting zone. Line segments are colored orange, they quletted when their length are

adjusted by the cutting simulation.

Figure4.11 The simulation prgram test picture
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4.6.2 Effect of line segment densityand time stepfactor on accuracy

and solution time

The accuracyf the result is controlled by the line segment densityandthetime step
factorQo. As, increases ardr QO decreases the simulatiasmore realistic and the

result is more accurateowever the simulatiortakes much more tim&igure4.12 plots
the line segment densiwersus timerequiredfor a singlegrain to finish one complete
passthroughthe workpiecdcutting zone areayith atime step factof  p. The result

shows that the running time increases very rapidly akrnhesegment densiincreases.

In order b select the optimum values lofe segment density andthe time step factor
Q 0, the simulation program was run for the constant value model of the grinding wheel

at different values of line segment density and time step.

Required time [h:mm]

0 5000 10000 15000 20000
o015 [line/mm]

Figure4.12 Number of line segments per mm vs. running time
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4.6.2.1 Line segment density

In this test the time stefactorwasp (Q0  p) ard the line segment density was varied
fromp ma'QE'Q to p T T &t WWEIQ. The increment of the line segment density in
this test wap 1 ar 'Ok Q. All grinding parameters and simulation parameterstisr
test are listed inrable 4.3. Figure 4.13 shows the line segment density versus contact
length The contact length quitk conveges as the line segment density increases

therefore, the line segment density carabsmall ag) 1t it 'Ok Q.

Table4.3 The grindingand simulatiorparaneters used in the liregment densitiest

Pamameter Simple Value Unit
Depth of cut ® 1) aa
Cutting speed 0 T ar
Workpiece speed 0 ™ axi
Wheel diameter Q CTIT aa
Grain diameter Q ™ Lo aa
Grain spacing 0 ™ pUL aa
Time step factor (@] p --
Line segment density ) primBp T a ‘Ok'a
4.56 +
i F__goo, 4.535)
= 4.52 -
£
S 4.48 -
c
k3 1
8 444
c .
(@)
O
4.4 -
4_36:':::::::::::::::::::
0 5000 10000

Line segment density [line/mm]

Figure4.13 Contact length vs. line segment digns
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Figure 4.14 plots the uncut chip thickness versus the line segment density. Unlike the
contact length, the uncut chip thickness tendsdiovergeslower as the line segment
density increases. Moreovehet convergence in the uncut chip thickness is not smooth;
the curve has a zigzag shape. T$limpe occurbecausen some cases the uncut chip
vertex existsbetween twoadjacentline segmerst (point ¢ in Figure 4.15). Thus, the

uncut chip thickness that @eterminedby Equation(4.17) or Equation(4.18) is less
accurate in this case. Therefore, the uncut chip thickness equation was modified by
Equation(4.28).

0.4

VV VYV

0.3 +

0.2 +

Uncut chip thicknessnim]

0.1+

0 2000 4000 6000 8000 10000
Line segment density [line/mm]

Figure4.14 Uncut chip thickness vs. line segment density
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", y")

Figure4.15 Thecase when the uncut chip ver@oesnotexiston any line segment

Qe 4R B © 0 O (4.28)

Equation(4.28) calculates the shortedistance between poitft and points from poind ©

to point¢ in Figure4.15.

For the vertical uncut chip thickne§s= the following equation wassed:

0 & GE (4.29

while the following two equations weraused to define the poinf and pointé ©

components:

g o L0 6 o (4.30)
W W

g oo L0 ¢ o (4.31)
© @
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In Figure4.16 it can be seen that the uncut chip thicknessulatedby Equation(4.28)
convergedquickly. It can be also seen igure4.16 that, at high line segment densjty
the uncut chip thicknes=slculatedby Equation(4.17) and Equatior{4.28) are very close
Based on these results aptimum value of line segment densibfp T TOTICHKY Q

(p* dabetween each two line segments) was selected for future simulations.

0.4
(1000, 0.358)
.

‘E 03+
= 1
7]
Q
o
X
Q T
£ 0.2+
o 4 —h_m
e
o
= { ' m
o -
5 01+

0 t t t t t t t t t t t t t t t t t t t

0 2000 4000 6000 8000 10000

Line segment density [line/mm]

Figure4.16 The uncut chip thickness before and after the correbiaquation4.28)
vs. the line segment density

4.6.2.2 Time stepfactor

In thistest the simulation was rudor the constant value modeith a different time step
factor Q@ (from 1@ to p It while the line segment was set o T TMOTMOKI Q. The

grinding parameters that are listedliable4.4 were used in the simulation.

Figure4.17 plots the contact length at different values of the time step faldtercontact
length is relatively stable in relation to the time step factor within the range&of p 1

The difference between the maximum and minimum contact length in this test is 0.11%.
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In Figure4.18 it is clear that the uncut chip thickness is more sensitithea@hange in

the time step factor. In this test, the difference between the maximum and minimum
uncut chip thickness exceeds 35.55Merefore, the optimum value for the time step
factor was set to 1.

Table4.4 The grinding and simulation parataees used in theéme step factor test

Parameter Simple Value Unit
Depth of cut ® 1) aa
Cutting speed 0 om axi
Workpiece speed 0 & a i
Wheel diameter Q CTT aa
Grain diameter Q T8 L O ad
Grain spacing 0 ™ pu aa
Time step factor 9%) ™R B p --
Line segment density, 1 PTITT a CEQ
4.56
455 +
e
E
£
5 1
8 454 +
8 (1,4.534) W
c
8 O
453 +
4.52

0 2 4 6 8 10
Time step factor

Figure4.17 The contact length vs. time step factor
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0.5

0.4 +
(1,0.358)

0.3+

0.2 +

Uncut chip thicknessnim]

0.1+

0 2 4 6 8 10
Time step factor

Figure4.18 The uncut chip thickness vs. time step.

4.6.3 Uncut chip thicknesscalculation test

In the simulation of griding operatios the instantaneous uncut chip thickness and
contact length are calculated for each time atggfor each active grain. Thialculation
requiremenimeansthat Equation(4.28) and Equation(4.19) are executedanany times.
From a computing perspective, Equatiqd.28) takes mah more time tharEquation
(4.29) does becauseEquation (4.28) is significantly more complexThus, replacing
Equation(4.28) with Equation(4.29) to calculate the instantaneous uncut chip thickness
can significantly reducertie required for the simulation but might result in an inaccurate
calculation. Thusthe uncut chip tlukness was calculatdidst by Equation(4.28) and

then by Equation(4.29) for the constant valugrinding wheelmodel The grinding
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parameters thaire listed inTable4.3 were used for this test excdpt the line segment

density rangedrom v Tt Ttap Tt 1T o ORI Q.

Figure 4.19 plots the differences between the uncaipcthicknessescalculatedby
Equation(4.28) and Equation(4.29) versus thdines segment densityrhe differences
were calculated using Equati¢h32). It can beclearlyseen thatin surface grindingthe
difference between the uncut chip thickness that is calculated by Eq@&2&h and
Equation (4.29) does not exceed 0.1% even when using very high density of line
segmenp Tth Tt dt OB '@. Fromtheseresults, it can be concluded that the uncut chip

thickness cale calculated using Equati¢f29).

(4.32)

) 0 Q
$E/E/EAO—A—|—A6&r p T

0.10%

0.08%

0.06% -

0.04% —+

Difference [%)]

0.02% -+

0.00% +—0—0 O
0 20000

40000 60000 80000 100000
Line segment density [line/mm]

Figure4.19 The difference between the uncut chip thickness by Equéti28) and
Equation(4.29).
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4.7 Result and discussion

4.7.1 Result for the constantvalue model

Figure 4.20 graphs theresults of the simulation as the cutting edges pass through the
cutting zone for the constant value modélote that the image has been stett
significantly in the vertical direction as can be noted by the elliptic rather than circular
grains. This stretching operation was conducted in order to emphasize the submicron
uncut chip thickness typical of grindings can be seen from this figurgesy grain is

cutting material from the workpiece

Grain diameterlg

i

»
»

Depth of cuta

&
<«

Figure4.20 Graphical output of the simulation using the constant value model

The parameters summarized rable4.5 (Case 1) were used to compare the simulation
resultsof the constant value model with the analytical maesiults Figure 4.21 and
Figure4.22 plot the uncut chip thickness and contact length as a function of depth of cut
forboth the ASimulatedo results (Aoadylicaog t he
results obtained from Equation2.6) and Equation(2.9). These two figures show
excellent agreement between the simulation and analytical results. The differences in the
uncut chip thickness and contdengthwerep® Pandp& Pfor a depth of cut® & a,

andp8t band¢® Pfor a depth of cut ofidt pi &.
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Table4.5 Grinding parameters

Parameter Symbol | Casel Case2 Unit

Depth of cut & T | T E aa
Wheel Diameter Q CTT CTT aa
Wheel Speed O o o T ar
WP Speed (feed) 0 ol ® an
Grain Spacing , T8 pu | Stochastic ad
Grain Diameter A T v o | Stochastic ad
Grain Protrusion Height ( ™ ¢ X | Stochastic ad

0.2

0.15 +

Uncut chip thicknesgm]
o
H

0.05 +

40%

+ 30%

+ 20%

—o— Simulated
—o—Analytical §

Difference

+ 10%

F 0%

Figure4.21 The Simulated anénalytical uncut chip thickness vs. the depth of cut

0.05

Depth of cut [mm]

0.1

(constant value model)
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5 100%

4 + 80%
E
E 3 , ' T 60% —o— Simulated
<) 7 +
& . 1 —C—Analytical 1
g 5 | / T 40% Difference
S 1
O 1 / i

1 1+ 20%

0 T T T T i T T - - 1 O%

0 0.05 0.1

Depth of cut [mm]

Figure4.22 The simulated andnalytical contact length vshe depth of cuconstant
value model).

4.7.2 Result for the stochastic moded

Figure 4.23 graphs theresults of the simulation as the cutting edges pass through the
contact zone foa stochastic modelNote that the image has been stretched significantly
in the vertical direction as can be noted by the elliptic rather than circular graiss.
stretching operation was conducted in order to emphasize the uncut chip thiésess.
can beseen from this figure only three of six grains are cutting material from the
workpiece.

The parameters ifTable4.5 (Case 2) were then used to compare the sinomagsults

using the stochastic wheel model witte analyticalresults Four different versions of the
stochastic model were implemented in order to identify the individual effects of
stochastic grain size, grain spacing, and grain protrusion heighttbrtH@uncut chip
thickness and contact length. These four models are referred to as the stochastic grain

si ze mo d e | (AhStochastic dgo) , stochastic
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protrusion height model (ASt oenmaetli c( NHAG @
s t o ¢ h &gureid.24a@andFigure4.25 plot the resulting asrage uncut chip thickness

and the average contact length as a function of the depth of cuthussagulated results

from all four stochastic models as wellthg analytical resultsusing Equatior(2.6) and
Equation(2.9). Note that the di fFgared24acred ciubDivfefs_ IAcDa
Figure4.25refer to the difference between the analytical results and the simulated results

with the AAII St oc h ast ¢ache made floenlthese fRyerese r a | 0

Figure4.23 The graphical result of the cutting zone for the stochastic model

T h eAnafyticalo |, AStochastic LO and AStochastic d
same manner. As the depth of cut increased the ave@gact length and the average
uncut chip thickness increased. It can also be seEigure4.24 that the average uncut
chip thicknaAmlgteap , f 6 St o hleasiti ¢ Hgo and (Al

behave in roughly the same manner. However, as can be degure4.25, the average

contact | ength calculated by the fiStochast
of magni tude small er t han the @d\magticaddge con
model.
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Uncut chip thickness [um]

Contact length [mm]

0.2
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0.05
Depth of cut [mm]

0.05
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+ 80%

60%

+ 40%
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—— Analyticall
—— All stochastic
—— Stochastic L
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—¥— Stochastic dg

—o— Diff_hm

Figure4.24 The Simulated andAnalytical uncut chip thickness (stochastic model).

—o— Analyticall
—+ All stochastic
—/— Stochastic L
—O— Stochastic Hg
—¥— Stochastic dg

—o—Diff_lc

Figure4.25 The Simulated anfnalytical contact length (stochastic model)
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The reason that the contact length results and uncut chip thickness results behave in
substantially different manners can be explained usiggre4.26. If grain 1 and grain 2

are active then the average uncut chip thickness and contact length are:

o 29 (4.33)

g o9 (4.34)

If grain 1 is inactive because it doest protrude far eough,then the uncut chip
thickness and the contact length become:

- Q Qee (4.35

g & (4.36)
C

Since’Qa and™Q are approximately the same and anda are approximately the
same, it can be deduced frahese quationsthat the average uncut chip thickness for
one verses two active grains are nearly the same but the average contact length for one

active grain is about half the average contact length for two active grains.

Figure4.26 lllustration of two successive grains when both are active and when just one
Is active
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This point is further illustrated blyigure4.27, whichshows the uncut chip thickness and

the contact length values of seven successive gfadms all four stochastic models. For

theA St oc has théficStlooc haarsd i ¢ dgo model s all seve
grain numbep andy are active fothed Al | stodhedaStoclhaamnidc HgoO
Forthei St o c h as thefcS tLooc haansdt i the udcgt @hiprhickhest aritie

contact length foeach grain are approximatedgualto the analytical results. However,

intheit Al | stoctiedAStocbaandc Hgo model s, t he ¢
grains p andy) are approximatelgqual to theanalyticalcontact lengttobtained from

Equaton (2.6), while theuncut chip thickness of the active grains are much greater than

the analytical uncut chip thickness. Tinactive graingfrom ¢ to ¢) have zero &lues of

the uncut chip thickness and tact length. The result is th#te average okimulated

uncut chip thickness ispproximately equal to the analytical uncut chip thickness
obtained from Equatiori2.9), while the average of simulated contact length is much

smaller than the analytical contact lengtitained from Equatio(2.6).

Figure 4.28 shows the uncut chip thickness for every single active grain on the
circumference of the wheel for a depth of cutrgi & & for the full stochastic model.
Note that the inactive grains have been eliminated ffajure4.28 since they have zero
values for the uncut chip thickness. Forstdiepth of cut, the analytical and simulation
models estimated that the average of the uncut chip thicknessgwes dandr® ¢ a
respectively, which is only g& b difference. However, even thoudhe difference in
theaverage value is small, the range of uncut chip thicknesses produced by the stochastic
full model is hugé the minimum value was8t 11 ¢ the maximum value wagg@ U «

and the standard deviation wa)* & Furthermore, only® Pof the grains arecaually
cutting! The reason that so few grains are involved in cutting is bedausany cases
grains do not protrude far enough out of the wheel or follow too closely behind an active

grain.
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Figure4.27 The uncut chip thickness and contact length values of seven successive grains
for the four stochastic models

Uncut chip thickness [um]

I { | H, | “L, ’J “r‘ il IHﬁIH N {MJ

200 300 400 500 600
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Figure4.28 The simulated uncut chip thickness for every active grain at the depth of cut
of 0.1 mm vs. wheel circumference
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Table4.6 shows the average, the minimum, the maximum, and the standard deviation of

the uncut chip thicknesses and the contact lengths at a depth of m@itdob for all

stochastic models. ltddlear t hat the AStochastic Hgo mod
result than the AStochastic dgo model and
model onlyp ®o P of the grains were contributing to the cutting operation eyhilrt 1T P

of the grains were &ci ve i n the fAStochastic dgo model
Moreover, the standard deviation of the uncut chip thickness and contact length for the
ASt ochastic H§ odamded gild, respestively, whé the standard
deviation of theuncut hi p t hi ckness and contact l engt
wasTi8t 1T aand 8t @ &, respectively, and the standard deviation of the uncut chip
thickness and contact | engitdoy flandm@ tohae A St o «

respectively.

Table4.6 Summaryof results for all four stochastic models at the depth of cOtlahm

S .0 o
(%2} O o= =
£ F | 8| B
o © i c
L ' o] ]
= o) @ 7
T 2 T | 3
Average Y| ™Y Y ™Y
Minimum mMrmn | m¥rtv | Min| MY
Uncut chip thickness [um] | Maximum yg v M ¢ | vdT | ™Y
Standard
Deviation ey T8I L T T8t
Average ™ T TV | ™M Q| T Y
Minimum Mgt | 1mdrp | ™I, DT
Contact length [mm] Maximum VB TT| TH T | T&UL| TR W
Standard
Deviation & X T X | PR P TBIP
Active grain B P | ptmmtlp Bob| p mtTH
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4.8 Summary

This chapter presented a 2D metal removal simulation for grinding baste pimap
technique, due to its straightforwaeksand the ability to upgrade to 3Dhe model was

used to estimate the uncut chip thickness and contact length when the grain spacing, grain
size and protrusion height were assume to follow stochastic distributioesnodel was

also used tinvestigate the effect of the distribution of igraize, grain intespacing and

grain protrusion height on the calculation of the uncut chip thickness and contact length
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CHAPTER 5. 3D METAL REMOVAL SIM ULATION FOR
GRINDING

5.1 Introduction

In this chapter the 2D metal removal mofitel grindingwill be upgraded to a 3D model.

A 3D wheel model will be generated based on the information obtained from the wheel
marking system in order to be used for the 3D metal removal model. Spherical grains
were evenly sized and distributed within the wheel n@yand the grains werghen
randomly resized and ptaced. The interaction between the grains el workpiece
material was simulated and the uncut chip thickness and contact \esmgythlculated for

each active grain. In addition, the machined surface of the workpiece was generated and

the surfaceéopography wasompared with experimental result
5.2 Method

Similar tothe 2D metal removal simulatohe proposed 3WDersionis based on theork
of Kim [60], which was used to simulate metal removal in surface millingthe
following sectiors the grain, workpiece and their interaction will be introduced, followed

by the determination dhe uncutchip geomegy in 3D.
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5.2.1 The workpiece

In the proposed simulator the workpiece is represented by a set of evenly spaced vertical
line segments distributed in the & plane and the abrasive grain is eggnted by a
sphere as shown Figureb.1. The position of each line segment in the array is identified

by its"Cand’Qndex. The lengttof each line segment, in thiadirection, represents the
workpiece height. The number of line segments incleadd directions timeghe space
between the line segments represt@ workpiece length and widtihespectively The
accuracy of the workpiece representation is determined by the spacing bhehe
segments Smaller spacing will result in a more accurate but computationally slower
model. Converselylarger spacing will result in a less accurate but computationally fast
model. Each line segment is represented bgnadimensionalparametric equation,

which uses a length parameter call@ad

O o Qb @ (5.1)

O ® QO O (52)

@ ¢ 0% a &3
m Q p

Note that for the special case where thee lsegment is parallel with theraxis,

W ® wanda qa qa.
5.2.2 Thegrains

For simplification, in this work the grains are assumed to have a spherical shape. Note,
however, that with this technique any grain shape can be modeled. The sphere center
o ho h  travels along a trochoidal path, which is a combination of a rotation and a

translation as expressed in Equati®g), (5.5) and(5.6):
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C Q
C
Ao 6E&iomto (5.6)

whered is the time, @ fo R is the grinding wheel center coordinates ani$ the
grain angular component in the polar coordinate systetneid» « plane (grain angle)
and is calculated by the following equation:

W W

: (5.7)
w

I OAIl

8‘

The grain radial component in the polar coordinate systerthe w ® plane is

calculated by the following equation

2% D ® o o (5.8)

5.2.3 The grain/wheel interaction

Intersecting the sphere with the line segments at discrete time intervals sintiéates
metal removalTheportionsof the line segments that are inside ¢irele (dashed lines in
Figure 5.1) are removed by adjusting the length of the line segmé&mfsation(5.9)

describes the sphere, which intersects the line segments.
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To define the intersection point between the sphere and each line segment, Equations
(5.1, (5.2) and(5.3) are substituted into Equati¢b.9) to obtain Equatior(5.10):

© o Qo (5.10)
where’Q o ® ® a a Y

Using the quadratic equatio®d can be determined. The length param®és then

found by rearranging Equatidb.3) in the following manner:
Q - (5.11)

Note that the length paramet@can be one of the followinipreecases:

1. 'Q ¢ & &Bah ) No intersection point between the line segment and the
sphereexists
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2. 'Q Tmor’Q p,The intersection point is outside the range of interest.

3. m 'Q p, Theintersection point is inside the range of interest.

Once the lengtiparameteiQis obtained with a value af "Q p, the cut portion is

removed by substitution @  with thew value thais obtained from Equatiof®.10).

5.2.4 Uncut chip thickness and contact length calculations

The uncut chip thickness and contact length can be determined by examining the
simulated chip as shown Figure5.2. The chip consists of a rectangular grid of vertical
line segmentsThe chip is then sectioned into a series of planes that are parallel to the
®  plane.Each of these crossectional planes is numbered frdin to’Q using its
(ndex. One of these planes is highlightedrigure5.2. Eachline segment in this plane

is numbered fronQ to"Q using itsQndex. The maximum uncut chip thickne€s
can be defined for each cressction plane as the shortest distance between the point
e haee hdee in Figure 5.2 and the bottom vertices of the line segments

representing the chip as describedlsy following equation:

o) 4 Qe O G ® a a (5.12)

The maximum uncut chip thickness can then be found by determining the maximum
values of the chip thickness for all the slices making up a efupever, since the chip

cross section is very irregular, this measure of chip thickness was deemed to be a poor
measure of the actual chip thickness1 average maximum chip thickness was used
instead by finding the average of the maximum uncut chip thicknesses for all- cross

section planes as shownthe following equation:

0 P o (5.13)
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The contact lengtlfor each crossection is the summation of the distances between the

bottom vertices of successive cut lingsents as shown in Equati¢hl4).

a [ [ W W a a (5.14)
Therefore, the average contact length for the chip is:
§4 —P & (5.15)

Max uncut chip thickneds,,

Max contact length,

Figure5.2 The uncut chip thickness and contact length on the 3D chip

5.2.5 Grinding wheel model

The proposed simulator was used in conjunction with astechasticand a stochastic

grinding wheel model.

5.2.5.1 Non-stochastic wheel model

The nonstochasticmodel consisted of asingle row of uniformly sized grains evenly

spaced about the circumference of the grinding wheel as showigure 5.3. In the
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stochastic model thgrain size, protrusion height and spacing were randomly distributed.
According to Malkin[2], Equation(5.16) and(5.17) can be used to calculate the average
grain diameteiQ and the grain volume fractiow. For this work, the nominal grain

diameter, proursion height and spacing were determined based on a wheel with a grit
numberd of @ Tand a structure numbeyof ys.

Q pa&d (5.16)

(5.17)

Figure5.3 lllustration of the single row constant value model.

For the nopstochastic model, the grinding wheel takes the shape of a torus; therefore, the

packingdensty in this model is the number of graingimes the grain volumey

divided by the volume of the toras:
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(5.18)

Therefore, the number of grains in the rstachastic model can be calculated by
rewriting Equation(5.18) as follows:

o Q
& — £ ’ — (5- 19)
€ c w o) p

The grain spacingi, which is the distance between the centers of two successive grains,
can ke calculated using Equati@¢b.20).

©0Q (5.20)
g

D

5.2.5.2 Stochastic wheel model

The stochastic model considered the distribution of grain size, spacing and protrusion
height. Ths modelis a modified version of that proposed by Kosdtyal. [13]. The
stochastic wheel model was generated folRadiac Abrasives (WR-60-J5V1)
aluminum oxide grinding wheelUsing the equations frofaquation(5.16) to Equation

(5.19) the grain diameter was® v @ &, the packing density& the wheel diameter

oL O, and the wheel widthudt @ &. The number of grains in this model was

v vl ¢ grains.
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Initial Configuration 2 Final Configuration

Figure5.4 The stochastic grinding wheel model before and after shaking process.

To generate the stochastic grinding wheel model, grains with the average diameter were
distributed evenly within the wheel volume to amle a grain packing density as shown

in the initial wheel segment fRigure5.4. Subsequently, each grain was randomly moved

in the ¢fw and & directions.If a grain interfered with another grain or was outside the
wheel 6s boundary, it wthesothengraireodthebvheellbordem t i |
This shaking process continued until the grain distribution was as homogenous as
possible. A portion of the final wheel is shownRigure5.4. Since the wheel surface is
irregular, a decision had to be made as to whether a grain was on the surface of the wheel
or not. It was decided thaif a grain was within 0.1grain diameter of the maximum
protrusion heightthen the grain was considered to be on the surface and potentially
actively involved in cuttingIn Figure 5.4, the grains that meet this requirerheme

colored white, and are considered to be on the wheel surface.

The distribution of grains was assessed in the following manner. A number of parallel
cutting planes were intersected with the wheel model, as illustratEgyjume 5.5. For
each planghe 2D packing density was calculated by dividihg area of alkectioned

grains by therea of sectioned wheel.

88



Cutting plane

Figure5.5 2D packing density

Figure5.6 shows the resulting 2D packing density versus the distance alongiie fpr

the d¢ochastic model before and aftidwe shakingprocess Before shakingthe packing
density varies periodically alongaxis from 8t to approximatelyr cbecause of the
regular spacing of the grains, but had the anticipated average packing demsdtyjof

After shaking, the variation in the packing density is significantly reduced, especially
towards the center of the wheel, and the average packing density is stilCd&: to

the boundaries there is still considerable variation in the packing dehstyto the
constraint on grain movement cause by the boundary condition. To mitigate the boundary
effect, only¢ & a of the central portion of the stochastic wheel was used in the metal

removal simulations.
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Figure5.6 Packing density in 2D models along the grinding wheel axis.

After the grains have been shaken, the grain size is adjusted to account for the
distribution of grains typically found in grinding wheefsccording to Koshyet al. [12]

and Houet al. [30] the distribution of grain sizes for a given nominal grain size usually
has a normal distribution. A standard grit number is defined in terms of grain sizes
corresponding to five sieves (Malk[g]). A ¢ tgrit wheel has grains caught on sieves
number46, 54, 60, 70and Y tUsing Equatior(5.16) and grit numbers qandy 1tthe
minimum Q and maximumQ grains size were calculated. The standard

deviation of the grain diameter was then defined as follows:

Q. Q. (5.21)
®

Figure5.7 shows that the grain diameters used in this simulation were specified to have a

normal distributionThe protrusion heighO is the distance that a cutting edge protrudes

from the grinding wheel center. Researchers are somewhat divided on whether the
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protrusion height is a normal distribution or a uniform distribuf®]. In this work the
protrusion height for the stochastic model was a resuttedhaking procesfiowever, it

is found hat the protrusion height has an approximateljyorm distributionas shown in

Figure 5.8. Basedon experimental results, Kostgt al [13], concluded that the grain
spacing conforms to a gamma distributidie grain spacing distribution for the 3D
wheel model was accomplished by applymgutting plane parallel to-y plane (see
Figure 5.5) and generatinga 2D model for the sectioned grains in this plane.
Subsequently, in the 2D model the grain spacing was calculated for thethedwere
exposed in the wheel working surfac8everal 2D models were generated and the
average grain spacing histogram was calculated. It was found that the grain spacing

exhibited an approximately gamma distribution as shownguore5.9.

1200
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Figure5.7 Grain size histogram for stochastic grinding wheel model.
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Figure5.8 Grain protrusion heightistogram for stochastic grinding wheel model
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Figure5.9 Grain center spacing histogram for stochastic grinding wheel model

5.3 3D model vs. 2D model

In this section a comparison between the Biaterial removal simulatioand the 2D

material removal simulation for the 3D and 2D wheel modelsbe presentedThe 3D

wheel models were constructed in a single row, which is similar to thélusteatedin

Figure53, f or the same parameters wused for the
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AALl I st o c h a s tseecchaptér)8Table5.Mists teelgrinding and simulation

parameters that were used in the simulation.

Table5.1 The grnding and simulation parameters.

Parameter Simple Value Unit

Depth of cut &) T8t T8t ¢8I G a
Cutting speed 0 CTTTIT G amf Qw
Workpiece speed 0 pTT G afi Qo
Wheel diameter Q CTT aa
Grain diameter Q T® U @or constant model) ad
Grain spacing 0 @ Ufor constant model) aa
Time step factor (@] p -

Line segment density 1 PTTT a 'CEQ

5.3.1 3D constant model vs. 2D constant model

After the simulationin 2D and 3D had finishedhe result for the uncut chip thickness

and contact length for the 3D model was taken for only the middle slice of the 3D chip
(refer toFigure 5.2) using Equation(5.12) and Equation(5.14), respectively This step

was taken to ensure that the 3D simulator provides the same result as the 2D model for
the constant modeFigure5.10 andFigure5.11 plot the simulated uncut chip thickness

and contact lengthersus the depth of cut for both 3D and @hstanimodels.From the

figures the differences were as smallr@ v Fand @t o Hor the uncut chip thickness

and contact length, respectively.
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5.3.2 3D All stochastic model vs. 2D All stochastic model

The simulated wuncut chip thi

ckness

and

st o ¢ hwaeset calculated using Equatiq®.13) and Equation(5.15), respectively.

These equations calculated the average of the uncut chip thickness and contact lengt

acrossthe y-axis in the 3D chipas shown inFigure 5.2. The simulated uncut chip

thickness and contact length versus the depth of cut for the 3D and 2D stochastic models

are plotted inFigure 5.12 and Figure 5.13, respectively.The uncut chip thickness and

contact length for both the 3D @D stochastianodels behave in the same mandey

the cutting depth increases the uncut chip thisknand contact length increases;

however, the differencesapidly increasewith the depth of cut. At depth of cut of

™ & & the differences for the untchip thickness and contact length wer@ b and

p & P, respectively
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T + 75%
0.4 1 I

0.3 1 + 50%
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02
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T 25%

Simulated uncut chip thickenss [um]

0.1+

0 ———t——— 0%
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Depth of cut [mm]

Figure512The wuncut chip thickness
grinding depth of cut.
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To explain this differencehe uncut chip thickness and contact length for a single grain
from the 3RAsfiAtd mobdel (versus: thegraimwidth lwasr 203)
plotted inFigure5.14. In the middle of the grain the vakief the uncut chip thickness

and contact lengtlvere zerg but on the sides both the uncut chip thickness and contact
length ha positive values. The reanfor this observatioims that there was another active
grain, whichwas smaller in size bwith a largerprotrusionheightthan grain 203, which

cut the workpiece just before grain 203. The small grain cut the workpiece material from
the middle and l¢fsome material on the sides for grain 2632D model could be
constructed from the 3D model by taking a sectioough the bottom dead center of the
grain This 2D model is represented by trestical dashedine in Figure5.14. Since the

2D model only considered one point on the gmaidth, grain 203would beconsidered
inactive in the 2D modelTherefore, vimen calculating the average uncut cthckness

and contactdngthit is not surprising that the ressifior the 2D modehre smaller than

96



the resuls for the 3D model because the grain may be cutting the workpiece in an off

centered manner.
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Figure5.14Uncut chip thickness and contact | en
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5.4 3D dgmulation challenges

Performing the simulation oa typicaldesktopcomputerwastime consumingThe 2D

simulations were carried ancomputerthat hasanfil nt el ( R) Cor e34T M) 2 Q
G H z gprocessor and 4.0 GBf RAM. With this type of computer the simulatidook

from 2 to 4 hours forthe 2D metal removal simulatioand4 to 5 daysto develop a 3D

wheel model To reduce the solution time, the 3D simulation code was converted into

parallel code sa could run on ACEnet (Atlantic Computational Excellence Network).

The Atlantic Computational Excellence Network is a consortium of nine Atlantic Canada
institutions with large scale higherformance computing (HPC) facilities for research.
The nine institutions includéMemorial University of Newfoundland, University of New
Brunswick, Mount Allison University, Dalhousie University, St. Francis Xavier
Universty, Saint Mary's Universitythe University of Prince Edward Island, Cape Breton

University, Mount St. Vincent University and Acadia University. The HPC resources are
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connected by several Optical Regi onal
various peeds up tp THQ'QQMOI QIE & Q

The simulation was converted to parallel code byrglithe 3D model into a number of
thin 2D modes as shown irFigure5.15, andthen running each model on a sin@uU

on a supercomputer cluster. The converted 2D model is referred to-sicc@nodel to
distinguish between the converted 2D model and the 2D ntbdélwas developed

in Chapter 4 When all 2Dslice simulations finished, the 28ice resultsvere collected

for the 3D result as illustrated Figure5.15. The accuracy of the 3D result depends on
the distance between each two-glizes. In order to achieve the targeted accucddiie
simulation, the number of 2Bslices must be equal to the number of line segment in-the y

axis. Equation(5.23) was used to define the number of -2ixes based on the line

segment density .

Result

Figure5.15 lllustration of the converting the 3D simulation into 2D and converting back
to 3D.
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Performing the 3D simulation by converting the 3D model into several 2D models on the
ACEnet clusters required from two hoursoteeday depend on the number of computers

in the clusters that were available.

5.5 Result and discussion

Simulations of grinding metal removal were carried out using the following parameters
for both the nonstochastic and stochastic wheel models: depth of oot fi8t ¢ & to
T & &, wheel diameter off v&r 1@ &, wheel speed of Btd 7i and workpiece speed

of p mawd&7i.

Figure5.16 andFigure5.17 plot the uncut chip thickness and contact lengthfasction
ofdeg h of cut for both t he-stdclastionmddel tnelthé r e s |

fnalyticaldb r esul ts obtained f2hrom the foll owing
& 50 (5.23
VA (5.24)
@ Ly g

99



__ 0.08
E 4
=
0
0 1
g 0.06
X
2 T
e
% T O Simulated
S 0.04 ¢ o ©
o 1 _o O — =Analyticalg
> A)
5 | o/o/o
<
0 —————

Depth of cut [mm]

Figure5.16 Simulated and\nalytical uncut chip thickness vs. the depth of cut for the
non-stochastic model.
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The purpose of these figures was to demonstrate that the simulation with the non
stochastic grinding wheel model udd replicate the result produced by the analytical
approach given the same underlying assumptions that all grains were the same size, had
the same protrusion height and were equallgced around the grinding whedlhese

two figures show an excellent agreement between the simulation and analytical results.
The differences in the uncut chip thickness and contact length m@ere and p& b
respectively, for a depth of catp & &, andp& Pandc¢& b respectively, foa depth of

cut of @t @ &. From this comparison one can conclude that the proposed simulation is

as least as acaite as the analytical approach.

Next, the simulation using a stochastic wheel model was compared to experimental
results. The grinding parameters in the experiment were the same as the grinding
parameters used in the simulati@ince thegrinding wheel model has not been dressed

the grindirg wheel used in the experiment wasishedby a rotary diamondroll. The
purpose of using this dressing method is to produce or expose new abrasive grains that
have not fractured. Thidressing conditioan be achieved by using large dressing ratio
(p8tor more)[8, 9]. The dressing amount was also selected to ensure that worn abrasive
grains (caused by previous grindingre removed The dressing parameters were as
follows. dressing ratiavasp®, dressing ifeed velocity waso8tv p m & a7i Qand
dressing amountvasTé® @ @ &. This process was repeatedice. The workpiece

material typeused in the experiment wadS| 1018 Steel

Figure 5.18 shows the simulated workpiece surface roughness and the resulting surface
finish for a depth of cut ofi@t « &. A NanoveaPS50 nonrcontact optical profilometer

was used to measure the surface lmgpp of the experimental workpieces. The
simulation was terminated when the wheel was fully engaged with the workpiece and had
continued to rotate an additional two rotationn@ke sure that the simulation had
reached steady state. The simulated surfage twen imported into the same software
used to analyze the surface of experimental workpieces to ensure that there were no
discrepancies ithe analysis Figure5.19 shows arexperimentahnd simulated profile of

the ground surface arfigure 5.20 shavs the height distribution of the profiles. While
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the profiles are clearly not identical there are some remarkable similarities. The
roughness’Y wof the experimental and simulated profiles @®‘' & and ¢®‘ &
respectively, and the height distritart appears normally distributed with a range from

"w' ato almostyx‘ & The main difference between the two profiles is that the
experimental data appears to have slightly higher frequency content than the simulated
data. This discrepancy is likelydtresult of the fact that real grains may have multiple
cutting edges and the simulation does not account for plowing of workpiece material to
the sides of the grains. Nevertheless it should be emphasized that no tuning of the model
was required to obtaiexcellent agreement between the simulated and measured surface

roughness values.
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Figure5.18 Sample of simulated workpiece data
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The authombelieves that the abiliy to calculate instantaneous metal removal is one of the
chief advantage®f this approach as it opens the door to better fante power models

for grinding. For example,Figure 5.21 shows the simulated instantaneous material
removal rate for one complete revolution of tha & wide wheel at a depth of cut of

3T «d &. The simulated material removal rate is the summnatif material removed by

the cutting operation divided by the elapsed time. The average simulated MRR is
p Y& Fi ‘Qwhile the material removal rate calculated by multiplying the workpiece
width by the depth of cut by the workpiece velocity is asgit & i ‘Qabnfirming that

the bulk metal removal is being simulated correctly.

o

S

Q)f 1
oS

Material Removed mn?]
y

N
Q@X 0.075 0.08 0.085 0.09 0.095 0.1 0.105 0.11
Q.
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Figure5.21 Simulated material removed vs. time.

The simulation also makes it possible to map the uncut chip thicknessndividual

cutting edgeskigure5.22 shows the uncut chip thickness for every single active grain on
ag T dr & section of the wheel surface for a depth of cut@drf «d &. From this figure it

is possibleto conclude that most of the material removal has been accomplished by
relatively few grains. The range of uncut chip thicknesses produced by the stochastic
modeé is hugei the minimum value was@t' & while the maximum value was

p ®' & and the standard deviation wa® ‘ @ because onlg @ P of the grains are
actually cutting! This information is critical for those researchers that are conducting
finite element simulations of grinding microechanics who need accurate estimates of

the uncut chip thickness in order to perform useful simulations.
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Figure5.22 The simulated uncut chip thickness for everyvacgrain for a 200 mm long
section of the grinding wheel.

Figure 5.23 and Figure 5.24 plot the resulting average uncut chip thickness and the
averagecontact length as a function of the depth of cut using simulated results from the
stochastic model as well as the analyticedults obtained from Equatio(5.23) and
Equation(5.24). Several observatis can be made from these figures. &helyticaland

the stochastic models behaved in roughly the same manner. As the depth of cut increased
the average uncut chip thickness and the average contact length increased. However, the
differences between thensulated andanalyticaluncut chip thickneseesuls are slightly

larger than the differences in the contact lenigults At the depth of cut ofi® & & the
difference between the simulated awhlyticaluncut chip thickness and contact length is

W& P andy @& P , respectively.
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Figure5.23 The Simulated anfnalytical uncut chip thickness vs. the depth of cut.
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Figure5.24 The simulated andnalytical contact length vs. the depth of cut for the
stochastic model.

The difference between the average uncut chip thickness and contact lengths determined
via the simulation and the analytical approach can partially be attributed to the difference
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between the number of active grains actually participating in cutting. This difference is
guantified byFigure5.25, which shows the percentage ofiae grains versus the depth

of cut for the stochastic model. The percentage of the active grains increases as the depth
of cut increases, because more grains that have a small protrusion height participate in the
cutting operation. This figure shows ththe number of active grains is quite small and
ranges from aboyt p Fo ¢ ¢ PGiven that the number of active grains has a significant
effect on the uncut chip thickness and contact length, it make sense to calculate the uncut
chip thickness and contact gh for the number of active grains for both the simulation

and analytical approach as can be seeffrigure 5.26 and Figure 5.27. When this
correction is made, the discrepancy between the simulatedraygtical values drop;
however, the simulated results still suggest that the chipsithrabout twice as thick and

half as long as the standard analytical calculation would predict. These differences are
likely due to the assumption of constant grain spacing and protrusion height made in the

analytical solution.
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Figure5.25 Grain active vs. depth of cut.
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Figure5.27 The effect of the number of active grain on the simulated contact length.

5.6 Summary

A novel simulatiorbased method of calculating the uncut chip thickness, the contact
length, and surface roughness in grindivags presentedn this chapter. The model was

generatedased solely on the wheel markings and process parameters, without the use of

108



a dressing operationGrinding experiments were carried out to demonstrate that this
novel approach was able to accurately predict thekpiece surface roughnesshe
grinding wheel was ashed by a diamond rotargll to produce abrasives grains that
have not fracturedlhe simulation was also shown to be able to calculate instantaneous
material removal rate@nd map chip geometry information to individual grains on the
grinding wheellt was decided to develop a dressing model to dress the grinding wheel
model; therefore,information about grinding wheel topography was required. In the
following chapter, anw@omated noftontact 3D wheel scanning system that is capable of

measuring grinding wheels in a ndastructive and rapid manner is presented.
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CHAPTER 6. CHARACTERIZATION OF GRINDING WHEEL
SURFACE TOPOLOGY USING A WHITE
CHROMATIC SENSOR

6.1 Introduction

In Chapter 5the grinding wheel model was not dressed due to the daeksuitable
dressing model and inadequate information about grinding wheel topography such as
cutting edge density, size and spatial distribution. In the present chapter, an automated
noncontact 3D wheel scanning system that is capable of measuring gindieels in a
nontdestructive and rapid manner is presented. This system incorporates a white light
chromatic sensor with a custemesigned wheel positioning system and it was used to
determine the effect of dressing feed on the grinding wheel topogcdry aluminum

oxide grinding wheel. For each dressing feed the cutting edge size, spacing and

protrusion height distributions were determined.
6.2 Measurement principle:

The principle of the whitdight axial chromatic depth scanning technique was first
introducedby Molesiniet al [65]. With this measurement technique, white light passes
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through a lens with a high degree of chromatic aberration separating the light into its
constituent colors (wavelengths) as illustdaie Figure 6.1. Each wavelength of the
white lightis focusedat a different distance from the lef$e wavelength of light that is
focused on thebject of intereswill be reflected backhrough the lens while the cof-

focus wavelengths will tend to be scatterBg.identifying the wavelength of light that
returns to the sensor it is possible to infer the distance the object is from the ldres via

focal distance of the reflected wavelength of light.
6.2.1 Advantages associated with the chromatic aberration technique
The advantages that are associated with the chromatic aberration technique are:

Excellent spatial resolution, regardless of amhbi@mnination.

Zero influence of sample reflectivity variations.

Appropriate for: transparent/opaque, specular/diffused and polished/rough
materials.

No sample preparation required.

Relatively high measuring range with nanometer resolution.

No physical cordct with the measured object required.

= =_ A =

The data acquisition ratariesfrom o TO0up toc 0 "‘Opwhich leads to fast

ScCan process.

There is, however, a limitation when using the artalomatictechnique, which is the

difficulty to measure surfaces thisteep angke
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Figure6.1 The white light axiathromatictechnique.

6.3 Experimental apparatus

The heart of the unique grinding wheel scanning system developed for this research is a
Nanovea CHR150 white light chromatic sensor wifh @ 1t Tt optical pen.This sensor
gives the wheel scanning system a measurement rarge at 1o, a depth accuracgf
¢ atd, a depth resolution of ¢ &, a maximum planer resolution of° dand a
range of sampling rates betweenmandp 1 i@ The grinding wheel scanning system
was designed to position the optical pen relative to the grinding wheel using a horizontal

stage, a vertical stage and a rotary stage as shawgure6.2.

The manuallyoperated horizontal stage is used to bring the optical pen into measurement
range of the grinding wheel surface and can accommodate grinding wheelp frotn
(cuvdra)tog (O Tdrd) in diameterAlso shown inFigure6.2 is a second horizontal

stage that is used to adjust a light source and illumination lens so that digital images can
be taka of the wheel surfac&he vertical stage is used to automatically control the axial

position of the optical pen during surface measurements and consists of a Parker Series
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T Tt Tistage with a ZaberTLA28A linear actuator having a range ¢ & and a step

size ofT ‘ & The rotary stage was custom built for this applicatloronsists of a
vertical spindle with a numbaer ttaper at the top to receive a grinding wheel mounted in

a flange.The angular position of the grinding wheel is determined usingim 1t tin
guadrature mode) line count Teledy@earley Series)p ¢ wotary encoder attached to the
bottom of the grinding wheel spindl@he grinding wheel is automatically rotated at
constant velocity by a friction wheel pressed against the circumference of the grinding
wheel. The friction wheel is driven by a SILVERPAK 17C stepper motor with gp
planetary gear box and can drivepap @ T dr &) grinding wheel fromp* & Qi
praafi QB8y adjusting the white |light <chr oma
rotational speed of the grinding wheel it was possible to measure the surfage @ba

(t Tdr &) grinding wheel ap‘ dintervals.The entire system was computer controlled

using a custom LabView software program.

Gearbox  Rubberwheel Grindingwheel llluminating lens  OpticalPen Wheelhub

Step llluminating Adjustable linear Digital Linear Hub encoder
motor source stage camera actuator

Figure6.2 3D grinding wheel topography apparatus.
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6.3.1 Therotary encoder

The rotary encoder is an electromeclkahdevice that converts the angulaspion of

the grinding wheelto a digitalcode The rotary encoder used in the apparatus was an
optical incrementaltype, which provides cyclical outputs when tlgginding wheelis
rotated.The optical encoder's disc is made of glass or plasticweity smalltransparent
windowsas shown irFigure 6.3. Two sensorsA and B areattachedo the encoder to
generate pulses dke light passes through the transparent windows in the rotary disc
Sensor A and B are pla@® thatthar pulses are 90 degrees out of phaseshown

Figure6.4.

Since the pulses are generated when the light passes through the transparent windows on
the rotary disc, the pulé&e width will represent the width of the transparent widows.

During the enader test, it was found that the width of the encoder pulses is not constant.
While the wheel was rotated at a constant speed, the encoder outputs (sensor A and B)
were measured by an oscilloscope. Then the output of the channel A and channel B
(volts) were plotted versus time as shownrFigure6.4. From the figure, it can be clearly

seen that the pulse widtlare not constant. Channel A and B are emted together by

the | ogical operator AANDO to provide higl
AANDO rineaszard vakie only when both channels A and B have zero values,
otherwise the result is 1, as showrFigure6.4. From the figure the pulse width at time

T8t 1T 1T psecond is about twice of the pulse width at tim8e 11 Tsecond.
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Figure6.4 The pulses at the encoder output.

If the pulse width of the rotary encoder is not consttre# measured profile can be
misshapeddecause the sating interval is proportional to theampling frequency and

the pulse width To explain the effect of the pudswidth on the measured profila
surfacethat hassinusoidalshapeandp 1@ & length is assumed to be measuredthis
example the changes in the pulse width will be simulated by the changes in the sampling
interval, which can be caused by the speed of measuringrtoemineasuring toomoves

over the surface with a constant speedpoftdt afi ‘Qand a samplingfrequencyof
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p ™A In this case e sampling interval, which is the distance between successive
measuredoints, is constant ands equal torg & &. The result of this measurement is
plotted inFigure6.5 (a). Assune the measuring toddeginswith a speed ob 1@ 71 Q®
and then the speed increased qortdt &fi ‘Qwhile the sampling frequency remained
constan@tp 1 D& Thus the average of the speed of theasuring tool ip T aTi QG
and the overall sample intervalisTé® & &. The measuredprofile obtained by this
sampling interval, howevers misshapedstretchedn the beginning and compressed at
the end)as shownn Figure6.5 (b).

1.25 + (C)

AW AW AW
VAR ARVART

S AN
ﬁw AR
NAWAWAWaWS

NN

-1.25
Profile length [mm]

Figure6.5 Sinusoidalprofile (a) constantmeasuring speeshdconstant sampling
interval, (b) differentmeasuring speed and constsainpling intervalaind €) different
measuring speed and different sampling interval

To resolve this problenthe sampling interval should be calculated for each speed of the

measumg tool. Thus, the sampling interval for the first speed will Ti@ W &

116



andmi® a & for the second speeHigure6.5 (c) plots the sinusoidadrofile in good shape
with different sampling interval As shown in this example, the sampling interval was
calculated for each pulse of the rotary encoder, as will be explain in the following

section.
6.4  Data conditioning

Grinding wheel topography measuremts consisted of a set of profiles around the
circumference of the grinding wheel withbeing the circumferential directiod)being

the axial direction andr being the radial height measuremebata conditioning was
needed to correct for any kinentainaccuracies in the apparatus, small misalignments of
the grinding wheel when mounted in the fixtureassembling the measurngebfile when

the sampling interval is not constaiind to fill in missing data points or to correct

erroneous data pointsptared by the white light chromatic sensor.

Because the rotary encoder has an uneven pulse width, the sampling interval was

calculated for each pulsé test part was attached to a grinding wheel for evaluation

purposs. Figure6.6 (a) plotsa profile heighfrom the test part versus the grinding wheel

circumferenceas measuredy the rotary encodasulses The average of pulse width

was¢ @ ‘° & The following equation was used to calculate the average of pulse width.
“Q

A J— (6.1)
V)

wherel is the number of pulses paheelrevolution.In Figure6.6 (a) the details of the
measured profile is lost becaus@umber of measurdwightswere sampled angplotted
atthe same value oivheel circumference (or encoder pulsB).avoid themisshaping of

the measured profile, trgampling interval was calculated for each pulse and then the
profile was resampled based on timew sampling interva. The sampling interval for

each pulse wascalculated using the following equation:
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(6.2)

wl o

where ¢ is the number of samples per pul$ggure 6.6 (b) plots the resampled

measured profile.

Pluse count
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- (a) —O—Raw data 1 (b) ——Resampled data
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Figure6.6 (a) Raw measured profile (b) resampled measured profile.

Because of small fixture maignmentsof the grinding wheeblnd axial run out of the

spindle bearingsa sinusoidal wave can be seen in the measured data having a
wavelength that corresponds to the wheel circumference as shown in the upper plot of
Figure6.7. A sinusoidal curve was fit to the data and subtracted from the measurements

using Equatior{6.3) to remove the axial run out from the datafollows:

a4 a oi Q%m n (6.3)
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where0 is the amplitude? is the phase angle, affd is the grinding wheel diameter.
The lower plot ofFigure 6.7 shows the results of the correction of this run out effect.
Next, the grinding wheel topography profiles were assembled into a sukfabés stage

any additional kinematic errors in thesggm due to axis misalignment or mounting of the
grinding wheel are minimized using the leveling function in the Mountains 3D analysis
software. With this software, a plane is fit through the data using theskpaetes

method and the data is then rotatedil the normal to the fitted surface is collinear with

thez-axis.
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Figure6.7 2D profile of the grinding wheel, Top: before the correction of run out effect,
Bottom: after the correction.

Next, a holdfilling operation was used to fill in any missing data points. A point on the
wheel surface may not be measured if, for example, insufficient light is reflected back

from the surface or a pore in the grinding wheel surface was deeper than the white light

chromatic sensor o0s measur ement range. Thus

Nanoveabdés Mountains 3D Analysis Software

points surrounding a hole as showrFigure6.8.
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(a) Raw data (b) After filling process

Figure6.8 Hole filling process (a) before the process, (b) after the process.

Finally, measurement noise that took the form of spikes in the measurements in the data,
as shown irFigure 6.9 (a), was modifiedFigure 6.10 plots the Abbotfirestone curve,

which presents the bearing ratio curve of the measured suffiaisecurve showsfor a

given surface depth, the perceggaof material traversed in relation to the area covered.
This function is a cumulating function of the amplitude distribution function. As can be
seen inFigure 6.10, up to a depth ofo Y&t , only T® b of the measured surface is
accounted This percent of measured surfapenifested itself aspikes and were
truncated as shown ifigure 6.9 (b) using the threshold function that available in
Nanoveads Mountains 3D Analysis Software.

¢

s
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\\\‘i\?\s/s"’l”
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Sy

Figure6.9 Threshold command (a) before and (b) after.
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Figure6.10 The AbbottFirestone curve of the measured surface.

6.5 Validation experiments

Validation experiments were carried out on a test susfaceonfirm that the grinding

wheel scanner developed in this research has the required positional accuracy and
resolution to measure a grinding wheel (not to confirm that the optical sensor and pen
were performing as speci fM-80@00,bysttemp evde nare
sheet of metal, was measured using the new grinding wheel scanner as well as with a
HITACHI S-4700 Scanning Electronic Microscope and a Nanovea PS50 profiler as
shown inFigure6.11. This test surface was selected because it is of similar size to the
grinding wheel patches that the wheel scanner was intended to measure. Note that three
SEM images were required to measurethe ene t est surface due tocC
measurement range. Eight verticgldjrection) and twentjour horizontal x-direction)
measurements were taken at identifiable features on the test surface. The location of some

of these iAplane measurements alpthe xaxis @) and yaxis () are superimposed on

the composite SEM image shownHRigure6.11 (a), while Figure6.11 (b) shows the 3D
measurement results from the new grinding wheel scanning systéme. case of the 3D
measurements, the same depth was used to take -fflanen measurements for the

grinding wheel scanner and the Nanovea PS50 profiler.
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Figure6.11A SSM0 0 i mage by SBSEMA-SGEM) sBB8mpchnp t he

wheel scanner.

Figure6.12 shows the horizontal measurements. It should be noted that, in the case of the
3D measumments, the edges of the measured features were slightly rounded making it
difficult to accurately establish the position of the features. The intersection between
these edges and a constant reference plane placed below the surface being measured was,

therdore, used to help remove any ambiguity in the positions of the features.
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Figure6.12 The 2D profile in x direction by (a) the grinding wheel scanner and (b)
Nanovea PS50 profiler.

Table6.1 andTable6.2 showthe resulting measurements and analyses fonaheontal

and vertical directiors. To analyze the results, the mean measurement values were
calculated as well as the difference between the mean measurements and the actual
measurementsThe Root Mean Square (RMS) values of the measurement differences
were then used to corape the proposed grinding wheel scanning system with the SEM
and theNanovea PS50 profileMhe RMSvaluesfor € positionsof wis calculated using
Equation(6.4). The RMS values for the vertical direction were 6.7, 8.9 anan®.%nd

the RMS values for the horizontal direction we& v& andu& mm for the grinding

wheel scanner, Nanovea PS50 pgesfiand SEM, respectivelyThese test results
demonstrate that the performance of the proposed grinding wheel scanner is comparable

to both theNanovea PS50 profiler and the SEM for measuring features of this size.

B (6.4)
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Table 6.1 2D profile measurement for numb24 in x-direction using three different

methods.
Resulting measurements Differences from the mean
Points in | Grinding | Nanovea| Scanning | ° [.)Iff'. DIff: Diff. :
horizontal| wheel | PS50 | electronic | & | Chnding | Nanovea Scanning
direction | scanner | profiler | microscope 5 wheel PS_S 0 e_Iectromc
. . . = scanner | profiler | microscope
¢ a a g ol ol
@ Cgp | gmu CCp | Cp% A pT T
W pgmol ppYyYy pPCTU|pG@I T po Py
w powy poPp poYyP|po@y Y u po
W COWT Co0@q@ CoyYyu | oyt W p T P w
W GUOX| quuT G¢cuaop|lqgu@l @ v PG
W CUpPOol QUG G XWo|G Y™y o o T
W CWPP, WY CwpY|qwBY @ P L
) OpwWX| Cpwp OGPULUT |CpP yYn q Tt p
() oOouLUL| COOT oCxXw|ooa@p v v p T
() cumyY OCoUGgYX OTXP| oum 0] C T
) ocQPCYX ooQuT oULXC|O@@y v T p
W cPoo| oPocg oYme| oy @ T P
) TTMool TTPYX ocwo Y| owdaw T p 1
W TCGCT| TGGCX TPUX|TCG®G T q G
) TOXCl ToOUYp TUOXT|T @ 1 o o] p
() TPYpPpC TWYTO TXTX|T Y@M p o v
) TP T wwy TYPYXW|T @ ) T C
() VT XP| LTULUY VOQO| LT Gy U] PG T
() VT T ULVOC VT WX | LU Y ) o) C
() VYTT| LUX WU U@ WU | L X @T o] C T
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() T TULU QT O0d @OCULU| QT ®O o] p o
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Table 6.2 2D profile measurement for number 8 yrdirection using three different

methods.
Resulting measurements Differences from the mean
Points in| Grinding | Nanovea| Scanning [.)Iff'. DIt lef'.

: | Mean| Grinding | Nanovea Scanning
vertical | wheel PS50 | electronic | | , .
. , : a | wheel PS50 | electronic
direction| scanner| profiler | microscope . .

. . . scanner| profiler | microscope

a a a y ¢« ¢

a a a

W VT Q@O0 X C Q@O0 () T W
W ToX T¢C TXP | TOX T v T
W VXY uvxv LXUL | LX( C P p
W WXO| W WX P | wxT o] T p
W priYyq pnYyq pmnyYPyao|pmy T T T

@ POTMYy PpOOT PLUWXIPPP U cp PO
W POPW) PXPY PXTULIPXT PT OS C

w CPpPqg CPpM¢ GCMYULICPT PG q pu
RMS o Yo U

A repeatability test was also conducted to ensure that the wheel measuring system
provides the same results for the same profile usiifigrehnt scanning parameters such as
scan speed, scan sampling rate, scan averagepion, and scan working distancé.

new test surface was prepared by scrilpngfine scratches on a cylindrical surface as
shown inFigure6.13 (a). The scratches had a depthudfi and were spacen® d |

apart (except for the first two scratches which were spa®ddi apart). Two
additional scratches were made which were peiipataat to the othep yscratches and
spacedr® | | apart. Figure 6.13 (b) shows a 3D scanned surface of the scratches

measured usg the grinding wheel scanner.
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Figure6.13 (a) The test part witliine scratches, and) 3D scanned surface of tfine
scratches on the test part.

Figure 6.14 plots threeprofiles of the scratches while keeping the vertical stage at the
same location.The wheel peripheral speed was setpdod afi Q@@ & afi QO
andm & afi ‘Qwhile the sampling rate of the measuring pen was set @stot

o maandp 1 DQ respectively, in order to maintain a constant sampling interval
ofp' & Each profile was measured with different working distances, which is the
distance between the opdi pen lens and the measured object ksgere6.1). The three
profiles inFigure6.14 appear identical not only in profile length but also in profile height

T including the subtle details captured in the peak of first scratch and in the valley of the
last scratchFurthermorethe distances between the scratches were measured for each
profile and the average standard deviation was @®y' & indicating excellent

repeatability.
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Figure6.14 Speed test

6.6 Sampling rate andsamplesize

The grinding wheel scanning system was then used to determine the surface topography
characteristics of a Radiac Abrasives WF60-J5V1 aluminum oxide grinding wheel.

This grinding wheel was dressed with a siagbént diamond dressing tool with a
dressing depth ofi8t @ & and dressing feeds of 0.0A8t yand & wx &7t Qwhich
correspond to fine, medium and coarse dressing conditions, respectively. The grinding
wheel was subsequently mounted on the wheel scanning system to characterize its

topography.

The sampling interval of the measurement process, which is the distance between each
successive measured poiman significantly influence the result. Smaller séngp
intervals will reveal more detail of the wheel topography will also increase the time
required to complete the measurement prodBist [39] proposed that the optimum
sampling intervals between one forth tone third of the average grain size. EBwerage

grain sizéQ can be calculatedsing the following equatiof?]:

Q p&d (6.5)

127



where 0 is the grit size. The sampling interval proposed Blynt [39] ensures a
maximum of three measurements of an avesaged grain; however, it does not account
for the distribution of the grain size or the fact that grean may have multiple cutting
edges. The optimum sampling interval proposed by Blunt fogptigrit aluminum oxide
wheel to be studied in the present research woulg de& Yan [48] carried out
research using thersa grit size used in the present work and noted that, as the sampling
interval decreases, the detection of the cutting edges rapidly incréasesl the
sampling interval reachep’ d&at which point no more cutting edges can be detetted.
the presentvork, a sampling interval ad © Gawas used to ensure that all cutting edges
were detected. To achieve this sampling interval iruttendw directions, the sampling
rate of the measuring pen was sep to 1i@u the grinding wheel peripheral speed
direction) was set to & a7 ‘Qand the linear actuatoy-lirection) intermittently moved

the pen byw‘' & Using this setup, the measured surface resolution achieved

wast it Qo a .

Since grinding wheel topography is stochastic,isi also necessary to measure a
statistically significant portion of the grinding wheel. In order to determine the minimum
patch size needed to be measured, a freditdysed grinding wheel was scanned at four
locations spaced 1t around the wheel usingffitrent patch sizes-or each patch size,
the cutting edge density (which is the number of cutting edge per unit area) was
calculated and the standard deviation between the four measurements was detdsmined.
shown inFigure6.15, the standard deviation of the cutting edge density declines rapidly
as the patch size increases frpmm & top ™ & and seems to asymptotically approach

a value ofapproximatelyr@ A0 O OA A @A @ . These results suggest that a patch size
greater tharp @ & should be used for the grinding wheel used in this research. To
ensure statistically significant and consistent results, a patch sizedoft was used in

the present work
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Figure6.15 Standard deviation of the cutting edge density vs. the scanned area

6.7 Results

Having established the desired sampling interval, resolution and patch size, the wheel
scanning system was usedrneeasure the surface topography of the Radiac Abrasives
WR-A-60-J5V1 aluminum oxide grinding wheel after fine, medium and coarse dressing
conditions in order to better quantify the effects of dressing on the grinding wheel surface
topography as well as taid in the development of accurate grinding wheel computer
models. The experiments were carried out on a Blohm Planomat 408 CNC grinding

machine

Figure 6.16 shows he grinding wheel topography ofta 11 | patch of the grinding

wheel for dressing feeds ai@t @ afi ‘Q (fine dressing),mdt Yt &I Q Ymedium
dressing) andi®@ W afi ‘Q(eoarse dressinglhe white color in the plotted topography
indicates theexposed cutting edgel. appears from these images that, as the dressing
feed increases, the size and number of cutting edges decreaseter to quantify the
differences between these surfaces, novel methods were developed in this research to
extractcutting edge density, size, protrusion height and spacing information from these

measurements.

129



(a) Finedressing

— 500
um

I400

300

200

100

Figure6.16 3D Grinding wheel topography (@) find dressing(b) medium dressing and
(c) coarse dressing.

While other researchers have employed various methods to detect the cutting edges on a
grinding wheel including visual inspectidgd0], eight nearest neighbor detectif39],
autocorelation detection[40], corner detection[49] and closed boundary46].
Figure6.17 illustrates the novel cutting edge detection method used in this work. In the
illustration, a threshold plane cuts through a grain at different threshold depths. The areas
of intersection between the grain and the threshdéddiepare colored black arate

referred to as particledt is evident from this illustration that the threshold depth will
influence both the size and distribution of the cutting edgash threshold plane was

analyzed n LabVi ewds | pneogssng sofindiie asing anteclgngue called
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particle analysis c o mmonl y r ef er r e dA dinple denitighlofladlbbo a n a |
is a group of contiguous connected pixels that have the same intensity (height in this
case) and are surrounded by pixelthvdifferent intensity (height valugdn order to use

blob analysis, the threshold plane was converted into a binary iffilage, the imaging
processing software operated on the binary image to count and measure the blobs (cutting

edges).

Threshold plain Cutting edge

Threshold

v

b

2 cutting edges 1 cutting edge 2 cutting edges 1 cutting edge

Figure6.17 Cutting edge detection.

An example of the resulting binary images ébo randy 1t athreshold planes for each
dressing condition is shown Figure6.18. To provide a sense of scale, a circle with the
same diameter as an average grain has been placed in the figure. Some of the blobs in the
image are significantly larger than the average grain size and aredikelgamations of

several grains joined by bond material. These images confirm that coarse dressing
conditions produce fewer and smaller cutting edges than fine dressing conditions.
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Figure6.18 The cutting edges at threshold depftb, 30 and 8@n e

The images also show that, as the threshold depth increases, the number and size of
cutting edges increases. For instancekigure 6.18 (coarse dressing) there are only a

few small cutting edges exposed in the circle at a threshold depth &f Then, at a
threshold depth of 11 & new cutting edges are expdse the circle while others grow

and/or join together. Finally, at threshold depths beypmd & all cutting edges become

compounded into one large cutting edde quantify these relationships, the average
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