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Abstract

In grinding,regenerativevibration andforcedvibration due to grinding wheelccentricrotationare
main excitedvibrationsource thatinteractwith grinding material removal mechanisin the paper,
instantaneous umdormed chip thicknessin downgrinding cutting phasemay consist oftwo
componentsi.e. linear kinetic thickness and nonlineatynamicthickness. Consideringbrasive
grit-workpiece interactiomn the grindingcontact zone, the grinding vibration systerpresented
by a newset of dfferential equation®f two degrees of freedofDOF) with a closeloop feedback
control system modgl Conventional grinding contrgplarameters, includingsheel spindle speed,
work-speedn feeddirectionandradial cutting depth,are ofterregaradaslinear constants imany
existing simplified models When consideing time delay they can betransfered to nonlinear
variables so the capabilityof prediction andthe accuracyof solution of the grit-workpiece
dynamics perfomanceare improved. Based onquantitativecomparison offorce and vibration
magnitudestheinfluence of theeccentricrotationof abrasive wheednd thenegative rake angle of
working grit cuting edgesongrinding performanceredemonstrated in the pape

Keywords: surface grindingvibration systemdynamic characteristicsregenerative vibratign
wheel eccentricity

Nomenclature

a, depth of cutfm)

¢ modal damping of machineheelworkpiece system\- s/um)
¢, grinding ratioof tangentiaforce and radiaforce

dF
dF; ,dF,; instantaneous tangent@ahdradialforces ona singlegrit in sheamplane(N)

dF,; instantaneouforces on a singlerit in normaldirection and in feed directioNj

Xi?

R,d, grinding wheeladius and grinding whediametenim)
f, feedper revolutiorof single grifum)
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Gu(s) + Gy(s) ~ Gu(s) « G,(s) direct and cross transfer functon of
machinewheelworkpiecevibration system ithe normal and feed directions

H..o(s) kinetic undeformed chip thickness in frequency donuam(

H.(s) final grinding undeformed chip thickness in frequency domain) (

H.(t),H, (t—-T) dynamic displacememif currentand previous ggs in radial directiongm)
H, t),H,, (t-T)dynamic diplacemenbf currentand previousvorkpiecesn radial directiongm)
k modal stiffness of machineheelworkpiece systemN /um)

K, grinding force ration per unit chiparea amicro-grinding condition

m modal mass of machineheelworkpiece systenN- s> /um)

n active grit numbers in the interaction zone

R'(¢) R.,'(¢) 9rinding radius of the current and previous working grits in contact @mhe(

h

cu,0

kinetic undeformed chip thicknessn)

h.;(¢,) instantaneous undeformed chip thicknassingle grit(m)

Pm specific grinding energy of removing material per unit volumeg3)

T discrete time intervabetweercurrent and adjant working gritsg)

Ah,,; dynamicundeformed chip thickness derived from regenerative vibratgn(
V, feed speed of workpiege(vs)

V, peripheral speed of grinding wheet/§)

X,y,z position coordinatesy)

X (), X, (t-T),Y,(t),Y.(t-T) dynamic displacemesitof currentand previousgrit-workpiece
pairsin normal direction and in feed directiaith Cartesian coordinatear)

0, Wheel eccentricityalugum)

oh,,; (@) eccentriacundeformed chip thickness deviatiamn)

& comprehensive influential coefficieat friction behaviour

@, rotational position angle single gri{degree)

@, Initial position angle ogrit i on abrasive wheétlegree)

@, relativeposition anglavith actual wheel rotational cenfdegree)

@ angular velocityof abrasive whedldegree/s)

6 rotational angle of spindle of abrasive whde(ee)

£ entire included angle of grit in interaction zodegfee)

¥ angledeviation between two subsequent finished surface undulatepneg)

1 hegative rake angle of single ¢digree)

ErerSry Change rad of grinding forces in normal direction andfeed directions
& Eay Change rad of grinding vibrations in normal direction and in feed directions



1. Introduction

As one of pimary manufacturingnethodsgrindingis still a prime methodo achievestable
high quality productsin contrast toother machining operationsuch asmilling, turning and
drilling, the material removamechanismin grinding and theinteractons betweengrits and
workpiecearemuch morecomplexto becharacterizé accuratelydue toa nultitude of irregularly
shaped, randomlgositionedabrasive grits on the circumference of a grinding whiee?, 3]. Due
to the complexdistribution and characteristic ofabrasivegrits, the fundamentalbf grinding
dynamic and its impact on ground surfabave not yet been fully explordcom a holisticand
systemicperspective. Undethe complicatedgrinding conditionsijt is difficult to presenta chip
formationby a smplefixed geometriekinematicinteracton [4, 5].Grinding vibrationcoupledwith
many nonlinear mechanismsicluding selexcited and forcedibration, is considerecasa major
factor to deteriorate grinding precisiandshorten thevheellife, leadng to poorsurface roughness,
excessive machine tools weand associated bredkwn [6] As a resulbf grinding vibration, the
unstable machiningystem generally leads pooduction losseandhigh rejection rates of produsct
To avoidor eliminate the intience ofgrinding vibration especiallychatter manyautomatt control
strategieswith online compemsation algorithnms and offline optimizationtechnique are developed
and evoled in the last decad€s,8].

Numerical modelgonsidemg geometrical and kinetic factors in material remolvavebeen
developed toreveal the linear or nonlinear functionaorrelation between the procesentrol
parameters and theachining systeraharacteristic variabldsy usingthe methods diinite element
method FEM), mdecular dynamics(MD)empirical model fitting and dynamic greystemmodels
[1, 4~6, 9,10]. Miny of thesemethods aréased orscratcling or grinding test with a single ora
cluster of CBN, diamondgrits. The chip formation mechanisng inferredfrom a large amount of
experimentalnd simulatiordataanaly®s. Because oftochasticnature of wheel topographthe
grit distribution andmaterialcharacteristicsinder specific test conditions cannot be controlled and
monitored easilythe dynamigrinding peformanceandits controlmechanisnare typicallyjudged
qualitatively[11,12,13].

The material removal processa grinding process isonduced by a large number of cutting
edges ofyrits. It has beemenerally acceptetthat the materialemovalduringthe engagement of an
abrasivegrit with the workpiecenaterialhasthree phases.e. rubbing, ploughing and cutting, 4,
5, 6, 10,11]. By increasingcutting depthof grits, the material removal isore effectivedue tothe
increasedcutting actions inthe engagement ajrits and workpiecd5]. A typical material flow
trajectory of surface grindingtraditional metdic material, such as lowarbon steel or
mediumearbon steeks illustratedin Figurel [14, 15].Looking atgrit shapea largemegative rake
angle ofgrit leads togreaer plastic deformationf machined material A commonmethod forthe
investigation of material deformatioflow during grindingis a single git scratching tesin
consideringthe negative rake angle a@frit as depictedy the variable o which is equal to thbalf
of apex angle ofthe grit The deformed metallic material around rake face ofrit is moving
upwards whichis divided in two parts. One part tife material flowsunder thebottom of single
grit. The otherpart of the material moves up in the opposite direction to form chip. There is a
critical transition pointthat is depicted a%reakingpoint” shown in Figure lat the rake face,
where the material flow separataflith the increasing absolute value of negatale angle ofyrit
cutter the longer length between the transition point tred apexof single grit is observedwith
moresevere plastic deformatioBy further increasing the penetration depthhaf grit the material
removal is enhanced due ttte effective rake angle ofjrit cutterbecomes more positiveading to
more cutting actiondn addition, theorientationof the abrasiveyrit (e.g. gritshape orthogonal to



the feed directionhas an influence on chip formation behaviour [2, 3, 9, 12].
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Fig. 1 Material flow tiajectoryof single grit with negative rake anglke

During forcedexcited grindingthe dynamidnfluence ofeccentrically rotad grinding wheel
is significantin the abrasive grimaterialcontact zoneand camot be neglectedn the analytical
model of grinding force Although there are few form errors caused blyig grits with complex
distribution densityas well asnon-uniform thicknessf wheel with poor manufacturing qualityre
geometrical errors of ahsive wheel could be eliminated regularly by dressing or truing procedure
prior to grinding. However, dynamic eccentric errors acting on abrasive wheel dunnatyng that
derive from manyunavoidablefactors, such as uncontrollabdampng deviation betveen the
wheel and spindleassembly( e.g. common value of clamping accuracy in precision grimling
limited strictly in the range of 1im), unbalance rotatioral and vibrationary transmission effect
resulted from machine todpindle even with high stiffness, andnavoidablereattime wear
eccentricity of abrasive wheel, cannot be eliminated thoroughlyewturingactual process

The dynamic undeformed chip thicknesand machining behaviourat grinding-in or
grinding—out conditionswould result in sigificant variation no mattethe wheel eccentricitys
implementedor not Especially, the randomlyand irregularly relative errois excited from
intermittent impact between abrasive wheel and workpiece are art@malinfluential factar on
grinding instdility. The compex influence mechanismon grinding dynamicss necessaryo be
studied dedy to improveapplicability and accuracy of analytical models of grinding force and
vibration. Badger et al analysed how grindimgneel untruth or nowircular shape affects forces,
wheel wear and temperatures and developed a model to predict final -prafitg shape from
grinding parameters and eccentricity[16]. Inasaki et al presented ofigihatter that is due to
regenerative mechanism during cylindricalkface and internal grinding process and discussed the
effect of ruaout on chatter as a function of materi@mnoval rate along with an optical sensor to
measure rwout[7]. Altintas et alreviewed norinearities in the stability models and presented
dynamic time domain model of transverse and plunge grindin§i8jerever these researches are
conducted, the quantitativaccur&y evaluationof the influential mechanism orthe dynamic
characteristicof surface grinding is criticalor the indication of machning stability. This paper
attempts to reveal that situation.

So far, geometries of abrasive grits are always assumed to be mitherid cones with
designated angles or simple sphere or ellipsg@]3]. While they are not same as aforementioned
ideal standard geometries in actual grinding process, effective grits pemgetramaterial can be
measured with the development of test technology and be dimensioned accurately asegeaime
pyramid or truncated tetrahedron witkefined angle in differentinteraction interfaces between
abrasive grits and workpiece, including depicted top opening angle, apex angle inréeddndi
negative rake angle, wedge angle [@f¢, 18, 19. When assessing the influence of the grit shape
characteristics on chip formation, negative rake aofygngle grithas the greatestfluenceon the



chip formation or penetration depth, as well as undeformed chip thickntss giit by comparing
with the other influence factors[17J19

Considemg downgrinding process a <t of improved analytical models of grinding
dynamicsin views of chip formation mechanismare developedn this paperto illustrate the
comprehensive influence dhe eccentrity of grinding wheel and regenerativevibration as
nonlinear charactestics Moreover, the closeloop feedback system are proposedfor the
regenerative vibration procesmalysis While the grinding processcontrol parameterssuch as
wheel spindle rotational speed, grindisgeedand chip thicknessare normally regarded a$inear
constantsit will be more accurate and realistic to consider these paranasteanlinear variables
in the wheelworkpiece dynamicgloseloop feedbackcontrol system Theefore thequantitative
comparison oforce and vibration magnitudes are conduatetthis papeunderthe influence of the
eccentric rotation of abrasive wheel ahe negative rake angle of workingyit cuting edges on
grinding performanceFurthermore, the influgrml mechanismdentified couldbe used to predict
groundsurface topogphyformationandto assesshe distribution characteristics @frinding chip
thickness.

2. Analytical models of grinding dynamics char acteristics

2.1 Improved mthematical modslof instantaneous undeformedip thickness

It has beerrecognisedthat grinding chip formation parameters directlaffect the process
behaviour andinished surfaceprecision[1, 2, 5 6, 10, 15]. The grinding chiformationparameters
can be calculatedh terms of grinding kinematicsrelationship There are twatypical types of
grinding process, i.eip grinding anddown grindingasillustratedin Hgure 2. Considering an ideal
processanda springmassdamper contacystem abrasivegrits continuously increase (xgrinding)
or decreasédown-grinding)undeformed chip thickness their engaging cycles with the workpiece
Here idealmaterial removaprocess is assumed, which means rubbing and plougkimayiar of
materialare notconsideed and eaclrigid grit with shape of pyramidemoves the wholenaterial
volume encountece With consideration ofeffects of regenerativevibration mechanism and
circumferentialeccentricerrors of wheel profile that resultin the changes ofundeformed chip
thickness and grourglirfaceprofile, theinstantaneous chip thickneds,; (¢,) at thecrosssection
of single gritalongthe Z-directionwheel axialdirection)are compsed of threefactors. (a) the
kinematic static undeformed chip thickneassedin many previousresearch work, (b) dynamic
chip thickness and (c) dynamic clp thicknesgdeviationcalculated ag&quations 1 and 2.

Vi % &
1, 1 fi fi v
@ e = e v
i, Y(Feed) i Y(Feed)
»
Q feed feed Q
L R  — E— R N
. . & 4 ;  grinding system stiffness
o grinding system stiffness bi ) @i . “,:::]:j::f, :::t:n :Ia;m )Ll;:l
» grinding systemdamping | — z . chip g g 8y ping
& b ) » Contact stiffness
* Contact '\I.:.Iﬁ ness Single grit 4 ~—Single grit |« wear stiffness
NEaL “”_I_ Hess 5 3e ae )  geometrical constraint
» geometrical constraint ® &
chip E o
N
v X(Normal) workpiece workpiece '}([Normal}

Fig.2 aDown grindingandb Up grindingconsidering eccentricity of Whe(eng‘(%))



(1) When down grinding similar geometry ofa quarteiof abrasive whedk modeledasshown
in Figure2(a) theinstantaneous chip thicknestsingle grit in grindingn is calculated as:

hcu,O + Ahcu,i + &-]cu,i (§0| ) O < §0i < Q

0 other area

hcu,i (€0|) = { (l)

(2)  When up grindingsimilar geometry of a quartesf abrasive wheek modeled ashown in

Figuredb), the instantaneous chip thicknegssingle grit in grindingn is calculated as:
- hcu,O + Ahcu,i + a1cu,i (¢I) - Q < (Di < 0
hcu,i ((/)|) = 0

other area

)

Where h,,,is static chip thicknessand is calculatedas h,, = f,sin(p), f, is the feed per
revolution of studiedgrit. It is an importantintermediate variable of grinding dynamicah,,; is
dynamic chip thicknessin radial direction derived from regeneratiwgbration and will be
calculated in nexsection2.2. sh,.(p) is namedas dynamicchip thickness deviatiomxcited by
eccentricallyrotatioral behaviar of grindingwheelor machine tool spindldts exciting principle
and modehre further deduced in gemn 2.3.Variablegp. is ratatonal position angle ofinglegrit in
Z-axial plane and is depicted ag.=q-¢, 6 =T is calculated as rotational angle of spindle of
abrasive wheel with angularelocity @ within a consecutive gritime interval T. 2 is entire

includedangle ofgrit cuttingin and cutting-out interaction zoma&d is calculateds:

R-a,
Q= arccosT .

2.2Regenerativeibration mechanism athip formation

Considering the motion in raalidirection, grinding egenerativevibrationis depictedin Figure
3 as continuouslyrelative movementbetween abrasivgrit and workpiecan chip crosssectional
area The \brationis excitedby differenceof the phasemagnitude theoretical magnitudélcy,o(t)
by not considering angelf-exciting factors and actual magnitudedc,(t) excited byregenerative
behaviour) and angle deviation®?) in Figure 3 betweentwo subsequentfinished surface
undulationsy(t-T) andy(t)), which resuls in additionalchip thicknessnamelyeffect of grinding

chip thickness variation.
transfer system of
_ grinding wheel
ks A9 1L o

e ~eo=2 gingle grit

workpiece

’ fi“u’.f

z transfer system

I| of workpiece

Fig.3 Regenerativehip formationof workpiecewheelinteractionin feed direction



Effect of regenerativanechanismis great on instantaneous chiprmation and further on
micro-grinding force ofeachgrit. During downgrinding process\h,;is dynamic displacemerf
workpieceabrasive gricontact systenn radial direction derived from regenerative vibratiacks
in interactivegrinding zoneof single griti. It is characterizeas:

Ahy = (Hg(t-T) = Hi (1) - (H;, (t =T) - H,, (1) (3)
Where H(t),H, (t-T),H,,@t),H, (t-T)are respectivelgynamic displacemesibf the current
and previougyrit-workpiece pairsn radial drection atinstantaneousameposition anglep, under
regenerative vibration conditionsll four variables areledu@d in the subsequent analyaisdare
transferredrom vectos with Cartesian coordinate in Figure 2 as:

H @) —H ({t-T)= (X, ®O— X,(t-T)> cosp,+ (Y, (t)—Y,(t—T)> sing, (4)

2.3 Eccentrically rotational model gfrinding wheel

The typicaleaentrial modelof abrasive wheas illustratedin Figure4. Reference coordinate
centreO’ is machine tool spindle rotationeéntre Reference coordinaigentreO is actual rotational
centre of grinding wheel Variables, = 00’, characterizedas wheeleccentricity value can be
premeasurecnd examined imynamic balancing experime(ising a tactile measuring sensor on
the inspection).

/ , Wheel
__.R
AT
\ (\cpc)/'ﬂ '

X'y vX

Fig.4 Eccentrically rotationamodel of grinding wheels, = 60’ ,0-spindle axis, eactualwheel axis)

Variablesh,,;(¢) is dynamic chip thickness deviationexcited by wheeleccentrically
rotatioral behaviouandapproximately evaluat as:

oh,i(p) = R'(¢9) - R, (&) (5)

Where R'(¢/) and R _,'(¢/) are respectivelypresentd as the grinding radius of the current and
previous working grits in contact zone. As showniguFe4,R'(¢) is calculated as

R'(¢)) =/R? + 52 - 2R3, cos(ZO'OP) 6)

£Z0'0OP=rx- |(pi - goe|



Where ¢, is relative position anglewith actual wheel rotationatentre which is descriled as:
P, = Qa0 — 0, @IS initial position angle of studied grit distributed onabrasive wheethat
depends ortlamped positiorand is measured in preparation phase prior to grinding prdggss
puttingtheseparameters intequation (§ R'(¢) becomes

R'(¢)) = /R + 82 — 2R5, cOS(@ ~ 2 ~ gy) @)

2.4 Close-loogeedbackcontrol system witlegenerative mechanism

As proposeddynamicsmodelsillustratedin Figure 2 and Figure 3, thdeal structural moded
for surface grindingprocessn the paper isassunedas a springnassdamper vibratory systemuith
two-degreeof-freedom in the two mutually perpendiculaX(normal) and Y(feed) directions.
Dynamics equationf surface grindingprocess at a discretional time characterized af6,14]:

{ Fo(t) = m(t) + ey x (2) + kyx(1)

F(t) = myy(1) A (j,._{'({} + kyy(t) (8)

where F,,F, are the totalgrinding forces accumulated by force acting on eaghrasive grit
m, ¢,k are modal mass, damping and stiffnesslues of abrasive machining tocht the aip
crosssectionalareain the feed or normal directior@sd can be obtained with modal experimental
data x(t),y(t) repreent relatively displacemesin abrasive griworkpieceinteractionvibration

system in normal and feed directions respectively.

During regenerativegrinding in Figure 3 instantaneousutting force acting oncurrentsingle
grit excites vibrationincrementof abrasivewheel and workpieceeparatelypased orregenerative
vibration mechanismn the normal(X) and feed Y) directions periodicallywhich thencauseso
dynamic displacement@irectly relaive with undeformed chip thicknesshangesAx and Ay
respectivelythat are all major variables analyticalincrementmodel of grinding forceSo the
force and regeneratiwgbration interact mutually and construetclosedoop feedback systejras
illustratedin Hgureb.

In Figure5, after doing Laplace tresform, H_ (s) is same ashekinematic undeformedhip
thickness h, , that is depicted in Equation (1) and (2), and,(s) is the final grinding chip
thickness which is the sum of abewentionedkinematic anddynamic vibratory displacement
derived from regenerative vibratiomnd wheeleccentricbehaviour inabrasive wheelorkpiece
interaction systemy and T are respectively overlap coefficient and time interval betwéen t
current and adjaceigroundsurfaceundulationgained by working gritg G (s) G ()~ GE(9) ~
Gs (s) land[Gy(s) « Gu(s) + Gp(s) ~ GU(9] that can be identified and restructured with
experimental data collected by standard modal srstsplied with respectively direct and cross
transfer function models of wheelorkpiece vibration system ithe normalk) and feedY)
directions.
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As depicted in Figure,5dynamic incremental displacementsabtasive gritend workpiecen
Laplace transfedomainare calculated as:

Ax) LG GL(9)][F
{Ayc}“l‘”e e G;y<s>_{a} “”
Ax,| oG G ][R
{Ayw}‘a‘“e Sae G;;<s>_{Fy} o

In Equation 9) and (0), due to consideringregenerative mechanismegular praess
parameterghat are all included ithe analytical force modelsuch ascircumferential speedf
wheelspindle, workpiece speed in feed direction and increasing underformed chip thitlatese
mostly considered as linear constants in simplifiediescare transferreénd evolvedo nonlinear
variables which makedynamicsresults of wheelvorkpiece vibration system more accurate and
practicalfor the process control purpose.

2.5 Differential modebf grinding force acting orsingle gritunit

Mathematicalmodel of grinding force and relevant geometricatorrelation of abrasive
grit-material are shown in Figuré [20]. In material removal processxial grindingforce is
negligible due togrit non-biasrandom orientation, which results only little effect on grinding
stability and ground surface of workpiecéhe ploughing and friction forces are not taken into
accountto avoid nomnecessary complexity of secondary influencése material removal is
approximateds apure shear procesgth a conicd grinding grain

§ R f-_. Wheel
[Vs| o] 02 . -
I 5 3 ! >
. %
Q S A Workpiece
¥ . VPLA [— F . S
{ |t | PR
N e N i |
0 .

Fig. 6 Machiningschematic of single working abrasive ¢#0]



One individualabrasive gritA' locatedin initial grindingin position is selectednd assumed
with same typicakhape of pyramid ashown in Figure 2Instantaneous grinding foreeting on
grit ‘A’ in shearplanethat isnormalto wheel rotational axigrethe resultant ofangential force
dF; and radial forcedF,;, andis evaluated by using Werner’s grinding foroedel[20]:

{da (cﬂi)} _ [Ks } [ 1w, ] 1A ] i (0) do D

dl:ri (¢| ) Cs Ks

whereKs is definedas specifiggrinding forcein per unitchip areaconsidering distribution density,
protrusion heightand negative rake anglef abrasive grg mounted onwheel surfaceat
micro-grinding conditioncalculated askKs=Pn/(baevs), Pm is specific grinding energyf removing
material per unit volumess is grinding force ration tangential and radial directions. Both of above
variablesthat are alsodetermined by wheel sharpnessyrkpiece matrial propertyand grinding
behaviourscan be obtained from experimental datais feed speed of workpiecgsis peripheral
speed of grinding wheets is wheel diameter.h,,;(¢,) is theinstantaneous grinding chip thickness
as depictedn Equation 1during downgrinding. ¢, is rotational position angle of individual
abrasive gritas shown in Figure.ZThe constants is comprehensive influential coefficient of
individual grit ‘A’ friction behaviour and approximatelytseith 1 inapure shear process

Instantaneougrinding forcescalculated in Equation {} respectivelyare projected to the
Cartesian coordinate systemthe normal X) and feed( Y ) directiors as:

[dei } _[—Sin(pi —COS(Di} |:dFti (o )} 12)
dF, cosp,  —sing, dF (¢;)

By combining andntegrating Equation§l)-(3), (10)and (2), instantaneous grinding force
acting onsinglegrit ‘A’ in down grinding procesare obtainedThentotal grinding force irgiven
per rotational perioavill be summed up as shown in Equation 13y accumulating the force from
each activandividual kinematicgrit that is effectivein abrasive grimaterial interaction zont®

remove materialHere n is active grit numbers with specifimstantaneousundeformed chip
thickness in the interaction zone.

Fx (t) = Zn: dei

n 13
F, ()= dF, 49

3. Quantitative assessment of grinding system stability
3.1 Machining conditionsind test method

For the analysis of the comprehensive eteon grinding dynamics, a series gfinding
conditionsare designated in Table dnd an experimental platform with integrateg¢asurement
devicesis shownin Figure 7.In order b analyse the influence of the negative rake angle and
dynamiceccentricityof whee| the experiments were carried out wather machining parameters
remainedunchangedAll measuremenof grinding dynamicgestswas conducted ora surface
grinding machine tool MS@50HMD whose table length and width range is 480%2G0 The
travasing speed of the machine in feed direction-B0&/min. Grinding spindle speed range is

1C



500-4000.p.m. A piezoelectricity grinding dynamometer Kistler 9257BA that connects w@ith
dynamic signahnalyserDewe2010and a computer imstalledto collect ginding force signalsas

shown in kgure7. The sampling frequency is set to b&Ba.

Table 1 Designated mchining conditions

Constanparametes unit value
Grindingkinematics Down grinding
Wheel type Electroplated diamond
Workpiece material ENS
Abrasive gritaverage size um 300
Dominantgrit geometry Pyramid
Grit distributionfeature Normal distributionn feed
direction
Grit distribution density /mn? 0.64
Wheel diameter mm 150
Wheel width(b) mm 20
Grinding wheekuttingspeedvs) m's 35
Grinding cepth um 20
Total grinding depth mm 1
Grinding width mm 5
Specific grinding energy J.mm3 20
Grinding force ratigFt/Fn) 0.35
Feed rate of workpiece mnvs 200
Cooling and lubricating dry
I ncremental parameters Unit value
Dynamiceccentricity of wheel um 1,2,3,4,5
Negative rake anglef grit degree -15,-30,-45,-60,-75

I
(a) I Abrasive wheel

a +
pT| T Workpisca {

| Dynamometer |——— Signal

T, Analyzer
Down-Grinding,  Up-Grinding

Vw © Moving'platform = Vw
T

Y X(normal)

(b)

Fig. 7 a Test platform of abrasive grinding dynamibsSurface grinding wheel

3.2 Gomparison analysis of test and simulation dynamics results
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To validatethe effectiveness and accuracy of mathematical modelsrofativegrinding force
as Equation {1) and Equation (12)five groupsof tests are conducted with given machining
conditions ashown inTable 1.The mean valweof peaks and bottoms specificforce signalsn
each periodical revolutioare extracteth absolué value rangevith 2 msintervalin the five groups
of tests The simulagédand experimental results specificgrinding forces with grinding width of 1
mm in normal and feed directigrare illustrated in Figur8. It shows agood agreemertf specific
grinding force inboth directions between thexperimernt and simulaton. All deviationratio of
dynamics curves caused by influence factors ofesalited and forceéxcited vibration system are
presengéd in subsequent section 3.4.
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Fig. 8 Experimental and the simulated specific force during dgrimding

ain normal direction and in feed directiofee=20um, ¥=35m/s, w=200mm/s dry)

3.3Kinetic undeformed chip thickness distributionvedrking grits

The undeformed chip thicknesdistribution of active working grits in the grimaterial
interaction(contact) zone is very importafr grinding dynamics researcim terms of grinding
process behaviowand wheel topographyariation and wheel lif¢21]. Due to irregular characters
of grits distribution, such as grit size, geometry shapetrusionheight and distribution density,
actual measurement oindeformed chip thicknesdistributionis difficult and not satisfactoryn
practiceyet.

The undeformed chip thicknestepenls on the workpiece material, the machining conditions,
the friction conditions between abrasigat and workpiece and the shape of ts. For the
analysis of kineticundeformed chip thicknesdistribution, matrix information of eacgrit that
includes average size, distribution pattern, protrusion height, spacing distancahartdistdensity,
are collectedr assumedas listed in Table 1IComplied with Equatios (1) and (2)the calculagd
results ofkinetic undeformed chip thicknegdistributionfrequency (i.e. active grit numberswith
specific undeformed chip thicknessn grit-workpiece interaction zone alongnormal diection
undergivenmachiningconditionsin Table 1is illustrated agigure 9.
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Fig. 9 Cutting depth distribution of active grits at depth of cut oti@0

3.4 Analysis onsideringdynamiceccentricityof abrasivevheel

In actual grinding processssembly or remountingscillation excited from machine tool
spindle andyrindingwheelcannot be neglected even witlgh-stiffnessgrinding machineandhigh
quality conditionedvheel This resultan the variation of undeformed chip thicknesscontrast to
the ideal process during the material removal procEssentric deviation of wheels can be
minimized even eliminategrior to grindng with dressing oreconditioning techniqueas well as
dynamic balancewith the aid ofsome specific deviceS.he eccentricity valuesof electroplated
diamondwheelsareexaminedoy utilizing dynamic balancelHY-2000-810A, as shown in Figure
10. Rotatng speed rangef the balanceis 120-10000Q.p.m. Minimum residual eccentricity is about
0.1-0.5um after dynamic balancing

—

Fig. 10 Measurement device of dynamic balancer

As one of thanfluential factors ofundeformed chip thicknesthe eccentricity values are used
to analysetheir effects orthe instantaneous undeformed chip thickness and then on grindieg,
as well aon vibration of abrasive griraterial interactionsChe change ratiosf grinding force and
vibration of abrasive grivorkpiece under incremental machining conditiorsse calculated
respectively as:
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Where, F,,, F,. axand ay are respectively reference valuesgohding forces andibratiors in
normal and feed directiongith wheel eccentricity value of zero

The changingcurves ardllustrated with maximum and minimum magnitusleof simulated
grinding force that typically illustrate the grinding momestin ead revolution period with
maximum and minimum undeformed chip thicknegs , as well asimulatedvibration ofabrasive
grit-material interactions in reian to the dynamic eccentricity of wheel are shown in Figure 11
and Figure 12 under machining conditions as shown in Table 1. In both figheegjeratios on

force and vibration show the upwards trend with the increase of the wheel edgentri

Compamg to the ideal process in which wheektcentricityvalue isset withzero, the mean
changng ratio of grinding forces in feed and normal directions derived from abrasiveel
eccentricityof 1um that is regular limitation value when abrasive wheel isxid with machine
spindle undeistableprecisiongrinding in industry increases to 7.5%, 3.3%s well as to 2.3%,
0.28%o0n vibration in feed and normdirections.Because the changatios of entire machining
dynamicsare under 10%forceexcited mechanm resulted fromwheel eccentric behaviar is
seldom considereith dynamics analysis.

—=—— Maximum /

g b Mi i mums o
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o
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Force (N)
L

e = e i — I—— L L -
0 1 2 3 F] 5 & 0 1 2 3 : 3 .
Eccentricity (um)
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Fig. 11 Grinding forcea in feed direction and in normalconsidering dynamic eccentricity of abrasive wheel
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Fig. 12 Grinding vibrationa in feed direction ant in normal directiorconsidering dynamic eccentricity of abrasive wheel

Quantitative assessment threshold of effect of chaatye at incremental wheel eccentricity
on machining stabilityare presented in Table 2. At the threshold of wkeeéntricity value that is
over 4im, even up to maximumudn that isregularlimitation value during coarse grinding, a slight
change ofwheel eccentricity(lum) hasresulted toa greater changeto (a changeatio of over
90% in a sharp growing is obsex/at eccentricityvalue of 3Im )on grindingforce, as well as
vibration in feed direction. Under the conditionachining process has to be interrupted as severe
forced vibration, even chatter of abrasive-gmdaterial system occurs. Accordingly, the aparatio
of force in feed direction under the wheel eccentricity aih%s nearly 2 times larger than the
kinematic force in the low range of value of undemni

Table 2 Changeratios of force and vibration ahcrementalwheel eccentricity

&(%) grinding force vibration
de (um) Feed direction Normal direction Feed direction Normal direction
1 7.5 3.3 2.3 0.28
2 32 6.9 33.6 0.9
3 94 115 75 6.7
4 154 14.8 116.6 24.3
5 215 18.8 158 42

Especially, the influence magnitude on grinding force in feed direction is obviousih
greater than that in normal direction due to diverse kinematics constraints.r Situ&ion is
depicted on grinding vibration. This explained by the fact thgtinded workpiece material around
grits is suppressedodn to working platform in normal direction during dogrinding, change
derived from wheel eccentric mechanism facilitates larger vibration in deedtion and thus
increassinstability in feed direction.

Thereby,analysis results show that the wheetentricity should be controlled in the range of
lum to 2um, and limited undemaximumvalue of3um to ensure machining stability. The greater
eccentricity of wheel results in the larger average change of force and vil{eationcrease @4%
of force and 75%of vibration in feed direction) for an unstable grinding process.
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3.5 Analysis considering negative rake anglevofking grits

Many experimentsappliedwith a series ofvarying regular machiningconditions [14, 16]
have shown thagrits or cuters edgeswith an increasing negative rake angleosé value is up to
limitation -75 degree (apex angle is 150degree in scratching directionleads to higher plastic
material deformation ant still in work condition with cutting modeand can make the ighin
contact zone formed. Buhose wornedgesof abrasivegrits with negative rake angle whose
limitation valuesare measured to beB5 degree (top wedge angle is 17degree) areonly workin
scratching and ploughing phases, which resut®nly severeplastic deformation and pHep
phenomena of flowintpcalizedmaterial rather thaahip formationfrom rake face of cutig edges,
as well as during the entire engagement

Variations ingrit geometry would significantly influence the cresection situabn during
the cutting process. In order to evaluate the ability to determine the infloénegying negative
rake angles, fivincrementalevels were applied as listed in Table 1.

The resulting maximum and minimum curves of grinding force deviateomwedl as vibration
deviation ofgrit-material system regarding negative rake anglgrivfare shown in Figuré3 and
Figure 14. Quantitative assessment threshold of effect of chaatyen of force and vibration at
incremental negative rake angle of aiva grit on machining stabilitsire presented in Tableld
comparing with theeference values dbrce and vibrationwith grit negative angle value of zera
reduced level of negative rake angle (i.e. increased absolute values) with thgrigadiaméer
leads to an increasedpplicable maximum undeformed chip thicknessand further facilitates
slightly increasing of grinding force andbration Most of changeatios are less tha®0% (the
threshold of changeato occurs at a sharp edge with rake angle, -@@.degree to -45 degree).
Moreover, it was found that when at the larger values of negative rake angbekong grit (e.g.
over -75degree), relatively the rake face of grit is strongly inclined to the materiaasarfThus, a
greater proportin of the material is displaced below the workpiece surface and severe plastic
upheaval on both sides. Grinding force and vibration ofrgaterial system keep almost unchanged.
The result agrees with the conclusion of the rese@Th?2, 23, 24].

Table 3 Changeratios of force and vibration dahcrementahegative rake angle of abrasive grit

§(%) grinding force vibration
yo(degree) Feed direction Normal direction Feed direction Normal direction
-15 7.4 7.36 7.5 7.35
-30 18 18 18 17.8
-45 28.3 28.3 28 28
-60 37.4 37.3 36.8 36.8
-75 44 44 43.3 43.3
-80 45 45.3 44.6 44.6

-85 46 46 45.4 45.4
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Fig. 14 Grinding vibrationa in feed direction and in normal directiorconsidering varying negative rake angleydfs edges

4. Conclusion

Instantaneous undeformed chip thicknessa very importanand nonlinearnntermediate
variable for the development ofa new set of nonlinear dynamics modelsf grinding in
consideation of the regenerative vibratiommechanismand the dynamic eccentricinfluence on
grinding performanceThe analytical models presented in the pggevidemore accuratesight
of dynamics characteristics than some existing simplified models. More nonlindsenod
factors, such as frictiongrit wear, material propertieetc, can betaken into account of the
variationof undeformed chip thickness the modelsBased on theesults introduced within the
paper, the following conclusions can be drawn.

1. The gualitativeand quantitativessessment ehachining stabilitydemonstraté that the change
ratios of grinding force and vibratiomcreasesignificantlywhen the wheel eeatricity is higher
than2 um. This gives a good guidance to the grinding machine design.

2. The changeratios of grinding force and vibratiomcrease significantlyvhen negative rake
angle of abrasiveutting edgechanges from Oto -6(°. Further increse negative rake angle may
not make a significant increase of the charag®s of grinding force and vibration.
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