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AN ABSTRACT OF THE THESISOF

Rimah Sani Al Aridi  for Master of Engineering
Major: Mechanical Engieerng

Title: EDGEFORCES IN METAL CUTTING: FUNDAMENTAL ANALYSIS AND
EXPERIMENTAL VERIFICATION

In metal cutting, some of the generated forces do not contribute to chip
formation and where chip is not developed per the classical cutting mechaits. S
forces are referred to as parasitic or plowing forces and are induced mainly as a result of
the finite sharpness of the tool (cutting edge radius) and the tool's lank) (flan
Determining the magnitude of parasitic forces is essential to developettea b
understanding of the mechanics and the physics in such applications that involve cutting
at verysmall feed values (e.g., miecroachining and vibratic@assisteedmicro-
machining. It is well recognized that plowing forces increase with tool wear.

This regarch estimates these forces while employing analytical and numerical
simulations. Extensive experental is utilized to verify the simulated values of these
parasitic foces where an experiment is designed to measure these forces as function of
seveal cuting parameters. The developed analytical model relates the parasitic forces
to geometric and pomss parameters such as cutiadge radius, feed, and speed
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(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 155
Typical cutting faces (RPM = 720, Cutting speed= 90 m/min, feed = 0.004
mm/rev OR Feed rate of mm/min = N= 720 * 0.004 mm/rev = 2.88

(001807480110 R TP PPPPPPPP P RTPRTTTR 155
Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed = 0.0045
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0045 mm/rev = 3.24
(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 156
Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed = 0.005
mm/rev OR Feed rate of mm/min = N. F =720 * 0.005 mm/rev = 3.6 mm/min).

Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed = 0.006
mm/rev OR Feed rate of mm/min = N. F =720 * 0.006 mm/rev = 4.32
001007 01T ) PSP 157
Typical cutting force4RPM = 720, Cutting speed= 90 m/min, feed = 0.007
mm/rev OR Feed rate of mm/min = N. F =720 * 0.007 mm/rev = 5.04
001007 01T ) PSP 157
Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, fe@®08
mm/rev OR Feed rate of mm/min = N. F =720 * 0.008 mm/rev = 5.76
(001807480110 R PP PP PP PPPPPTPP TP 158
Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed = 0.009
mm/rev OR Feed rate of mm/min = N= 720 * 0.009 mm/rew 6.48

000742 T ) RS 158
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158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed = 0.01
mm/rev OR Feed rate of mm/min = N. F =720 * 0.001 mm/rev = 7.2 mm/min).

Typical cutting forces (RPM = 720, Cutting speed= 120 m/min, feed = 0.0005
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0005 mm/rev = 0.36
(00100740 0T o) T URRS 159
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.001
mm/rev OR Feed rate of mm/min = N. F =720 * 0.001 mm/rev = 0.72
0100742 0T ) SRS 160
Typical cutting force¢RPM = 720, Cutting speed=120 m/min, feed = 0.0015
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0015 ram# 1.08

0100742 0T o) RS 160
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, fe@®02
mm/rev OR Feed rate of mm/min = N. F =720 * 0.002 mm/rev = 1.44
00074207 o) USRS 161
Typical cutting forces (RPM = 720, Cutting speed=120 m/feed = 0.0025
mm/rev OR Feed rate of mm/min = N= 720 * 0.0025 mm/rev = 1.8

00074207 o) USRS 161
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.003
mm/rev OR Feed rate of mm/min = N. F =720 * 0.003 mm/rev = 2.16
(001007480110 ) R P O P P PP PP PPPPPP P RRPRTTTP 162
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.0035
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0035 mm/rev = 2.52
(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 162
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.004
mm/rev OR Feed rate of mm/min = N. F =720 * 0.004 mm/rev = 2.88
(001807480110 R TP PPPPPPPP P RTPRTTTR 163
Typical cutting fores (RPM = 720, Cutting speed=120 m/min, feed = 0.0045
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0045 mm/rev = 3.24
(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 163
Typical cutting forces (RPM = 720, Cutting speed=120 m/ned £ 0.005
mm/rev OR Feed rate of mm/min = N. F =720 * 0.005 mm/rev = 3.6 mm/min).

Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.006
mm/rev OR Feed rate of mm/minNs F = 720 * 0.006 mm/rev = 4.32
00100700 010 ) PSP 164
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.007
mm/rev OR Feed rate of mm/min = N. F =720 * 0.00m/rev = 5.04

001007 01T ) PSP 165
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.008
mm/rev OR Feed rate of mm/minNs F = 720 * 0.008 mm/rev = 5.76
(001807480110 R PP PP PP PPPPPTPP TP 165
Typical cutting forces (RPM = 720, Cutting speed=120 m/min, feed = 0.009
mm/rev OR Feed rate of mm/min = N. F =720 * 0.009 mm/rev = 6.48
000742 T ) RS 166
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185.

Typical cutting force (RPM = 720, Cutting speed=120 m/min, feed = 0.01
mm/rev OR Feed rate of mm/min = N. F =720 * 0.01 mm/rev = 7.2 mm/min).

Typical cutting forces (RPM = 720, Cutting speed=150 m/min, fe@0G05
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0005 mm/rev = 0.36
(00100740 0T o) T URRS 167
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.001
mm/rev OR Feed rate of mm/min = N= 720 * 0.001 mm/rev 8.72

0100742 0T ) SRS 168
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.0015
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0015 mm/rev = 1.08
0100742 0T o) RS 168
Typical cutting forces (RPM = 720, Cutting speed=13thimn, feed = 0.002
mm/rev OR Feed rate of mm/min = N. F =720 * 0.002 mm/rev = 1.44
00074207 o) USRS 169
Typical cutting forces (RPM = 720,u82ing speed=150 m/min, feed = 0.0025
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0025 mm/rev = 1.8
00074207 o) USRS 169
Typical cutting faces (RPM = 720, Cutting speed=150 m/min, feed = 0.003
mm/rev OR Feed rate of mm/min = N. F =720 * 0.003 mm/rev = 2.16
(001007480110 ) R P O P P PP PP PPPPPP P RRPRTTTP 170
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, fe@@®035
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0035 mm/rev = 2.52
(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 170
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.004
mm/rev OR Feed rate of mm/minNs F = 720 * 0.004 mm/rev = 2.88

(001807480110 R TP PPPPPPPP P RTPRTTTR 171
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.0045
mm/rev OR Feed rate of mm/min = N. F =720 * 0.0045 mm/rev = 3.24
(001807480110 ) R PO P P PP PP PPPPPP P TTRPRTTTP 171
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.005
mm/rev OR Feed rate of mm/min = N. F =720 * 0.005 mm/rev = 3.6 mm/min).

Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.006
mm/rev OR Feed rate of mm/min = N. F =720 * 0.006 mm/rev = 4.32
001007 01T ) PSP 172
Typical cutting fores (RPM = 720, Cutting speed=150 m/min, feed = 0.007
mm/rev OR Feed rate of mm/min = N. F =720 * 0.007 mm#&év04

001007 01T ) PSP 173
Typical cutting forces (RPM = 720, Cutting speed=150 m/mird ££@.008
mm/rev OR Feed rate of mm/min = N. F =720 * 0.008 mm/rev = 5.76
(001807480110 R PP PP PP PPPPPTPP TP 173
Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.009
mm/rev OR Feed rate of mm/min = N= 720 * 0.009 mm/rev = 6.48
000742 T ) RS 174



186. Typical cutting forces (RPM = 720, Cutting speed=150 m/min, feed = 0.01
mm/rev OR Feed rate of mm/min = N. F =720 * 0.01 mm/rev = 7.2 mm/min).

XiX



Table

=

©oOoN AN

e N e
akrwbdkEo

TABLES

Page
LOH 1 1] g0 ST 0T U SSRSR 24
Experimental test matrix covering all feeds and RPMs.............ccccceeee. 25
Experimental test matrix covering all feeds and RPMs..............cccceeee. 26
Machining tiMe MELEL...........uiiiiie e errer e e e e e e 27
Parameters for AZ3LB.........ccooiiiiiiiiiii e 39
QL0 To] =0 o 0 T= 1 YU 40
Foroes acting in REQION.L........oooiiiiiiiiiiiccme et 48
Plowing Coefficient at different feeds and RPMSs.............cccovviviieeee 60
Thrug Coefficient at different feeds and RPMS...........ccccvviiiiiiiieeciiiiiieeen, 61
Corrected Plowing Coefficients for all feeds and speeds............ccvvvvveennee 63
Corrected ThrusCoefficient at different feeds and speeds................c....... 64
Temperature MeasUIreMENTS.........oooiieriiiii e cceeer e e 78
AZ31B Material PrOPErties..........uuuiiiiiiiiiiiiiieeeeiee e eene e 87
Force z Numerical values obtathey DEFORM for all speeds and feeds.107

Force z Numerical values obtained by DEFORM for all speeds and.teed63

XX



NOMENCLATURE

'O: Modulusof Elasticity

L:Poi ssonds Ratio

0 'OCutting Edge Radius

| : Norma rake angle

w: Cutting Speed

0 : Uncut ChipThickness
1 : Plowinglayer thickness

a: Contact length in Regn 1

& : Contact length in Region 2

“Y Temperature at the tool chip interface
"O[Tutting Force measured experimentally
"O DFriction Force in Region 1

"O : Friction Force in Region 2

0 DNormal Force in Region 1

0 dNormal Force in Rgion 2

"OdPlowing Force irRegion 2

"O Thrust Force in Region 2

Y dResultanforce in Regiori

Y dResultant Force in Region 2

0 dShearing Force (N)

Component of force Q in the direction of toobtion

(o]

DComponenbf force Q perpendicular to thérection of tool motion

(o]

dNormal component of force Q
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cErictional component of force Q
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"YDTotal force on the shear plane
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CHAPTERI

INTRODUCTION

Developments in the theory of cutting pesses have been present since the last
century to determine all forces praseuring metal cutting. Identiing forceshelps in
monitoring, designing, and selecting cutting tools. The recent revelation of the plowing
force helps in the understanding bétmechanics of 2D orthogonal cutting. The
plowing force is instigated by tHmite sharpness of the tool @&l radius, ad it is

caused mainly by flank wear happening during the cutting process.

Micromachining of hard materials presents further compbeatassociated
with tool wear, tool failure, low stiffness of the micro taddthough micromachining
incorporates chargeristics of the conventional machining process, the size effect plays
in role in modifying the mechanism of material removal. Thus rtiles of similarity do

not apply when going from macro to micromachinjbp

The rdio of the depth of cut to the cuttireglge radius significantly affects
micromachining processes small change in the uncut thickness causegrafisant
influence on the cutting process. The smaller the uncut chipnéssk the higher the
impacts orthe tool wear and cutting force. This ratio defines the active material removal
mechanism such asutting, plowing, or sliding and thus the resuitisurface quality.
When the thickness of the material to be removed iseo6#me order of magnitude as

thetool edge radius, the notion of size effect is introduy2éd



In conventional maghing, cutting tool edge is assumemxbe ideally sharp, and
the contact bet wefaeaandtheanadhined sudase icaksseanabd @ n
nonexistence. Chip then formed mainly by sharing of the material in front of the tooltip.
However, in mcromachining, the tool edge radissisually on the same order as the chip
thickness. Another diffrence between macro and micromachining isldleation of
shearing. InMacromachining, shear takes place along the shear plane, while in
micromachining, te material is deformed and pushedtead sheared. The shear stress

in micromachining is found tocéing continuously around the cutting ed@&[5][6][7].

Cutting force in micromachining is also significanthfluenced by problems
that are generally mor in macredomain such as tool wear, unbalance {out), and

instability (chattey [2][3][4] [8].

In his work Albrech{9] proposes an extension to the th¢ioed sharp tool
machining model proposed by Merchant. Altbrealso added land forces, which are the
force present on the wear lanitioe tool fank illustragd inFigure 2. The new force
diagram shown ifrigure 1 shows force Q as thehearing force acting on theaight

portion of the tool, while force Representshte plowing force which is the force acting



on the rounded part of the tool.

FOINT O

To - } Q
POINT A Q7 Q;
RN Q .~
7

Figurel: New force diagram containing the force P which is due to the

plowing force[9]



Figure2: The complete force diagram of thghogonal cutting process after the

addition of land forcef9].

Defining actual coefficients of friction in a cutting process could be possible by
determining and separag the plowing forces from the total forces, providing advett
insight of tool wear and shearing process. Cutting Forcanairdy dvided into
shearing and plowing forc¢$0]. Shearing Forces are the main contributors of chip
formation, while the plowing forces have no contribution at all. plesving force
represents the effect coming from the drifting of the tawh the idal sharpness; it is

denoted as the zefeed force. It is the force before chip format[ad].

A series of orthogonal cutting experiments were niadearying the rake angle, the
nose radius, and the uncut chip thickn&sssults arshown inFigure3. For small
uncut chip thickness, both Q and P vamath the uncut thickness (feed), but for large

thickness Rs constant, and Q is proportional to uncut thickness.
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Figure3: Tool forces, dependent upon the uncut chip thickness t, illustrate the
development of components BRad P2 of the plowing force P with increasing t up to a

ceriain stage when P remains practically constant with a further increafd .of

The coefficient of friction is found by the equation:

Y

Also, Albrecht added the effect ofitting speed on shearing force Q. Thting
speed only affects the plowing force in theust brces. The plowing force increases
with increasing velocity but only at lower ranges of cutting rates. The forces keep
increasing until reaching a maximumdathen decreasing until reaching adewff. The

effect of cutting speed on the force hasib found due to the development of the built

up edgg9].



One of the main methods to determine edge forces is the extrapolation method.
The extrapolation method is plottgithe face vs. feed then extrapolating into zero feed.
So, the noreero intercept is the plowing force. This method has been follow¢@] by

[11], and[13] to dbtain the plowing force.

Stevensoifill] interpreted the legitimacy of the maero method by comparing
the calalated shear flow stress to uncut chip thickness, experimental data, and the
positivity of the shear strain rate. Stegen also plotted the cutting force araust
force versus wear land and noticed that both follonstme trendil1]. However,
researches have shown that this method doesn't confirm in orthogonal cutting since a
cyclic force pattermloesn't appear before the cutting td@engages. It only appears on

a spedic uncut thicknes$§12].

Guo, Y. B. et al[12] followed another method which comprises of comparing
the calcul#ed flow stress data to conv@mal compression test data without
extrapolation and to model predictions. Guo, Y. B. also chaiaetethe measured
forces versus time, determined magnitudes of the plowing force at different cutting
speeds, studied thaain rate sensitivity of thddw stress and investigated the
calculaed material flow stress versus uncut chip thickness. Thégasiwwed that the
method followed by Stevens@hl] isn't preferred since the cyclic pattern wasn't
observed. The appearance ofyalic pattern in only a single uncut tkness determines
that the cyclic force pattern is due toexipdic chip interaction with the cutting tool
after steady stateutting. The calculated flow stresses based on the corrected force data
were found to benore uniform against the uncut chip tkiess than those based on the

measured force data. Comparthg corrected flow stresses with the extrapolated



compression téslata revealed agreement. Thus, and accordifitpthe
determinatiorof the plowing force could be accomiesd by the extrapolation method,

keeping in mind the dependsnon the cutting speed with a possible nonlinear manner.

Other parameters, such as cutting speeds and temperature, also affect the
process. Wyen, €F. a.etal. [10] stated tht to determine the plowing force, it is
assumed that totabfce increases linearly with increasing feed while plowing forces are
independent of feed forces. After measuring Force values, plowing force is obtained b
extrapolation for t=0. Afterward, thieiction coefficient is calculated by deducting
plowing forcefrom the total force. The results [d0] experiments displayed ifigure4
indicakes that bottiorce components increase with incregsinitting edge radius, but
the cutting forces are less sevatto CER than the feed forces. The resuliSigure5
andFigure6 alsoshowved that as cutting speed increasesting forces decreases,
whereador feed forces, the valuelepend on the cutting edge radius. Opposite effects
of cutting speed on deformation resistance and thermal softening might be the reason
behind the intergpendency noticed, but this needs furthealysis. It was also stated

tha no uniform influence exis by the cutting speeds on plowing forg&3].



Ploughing cutting force Fyy . [N]
Ploughing feed force Fy ,[N]

0O 10 20 30 40 50 &0

Rounded cutting
edge radlus r, [mm]

0 10 20 30 40 50 60

Rounded cutting
edge radius r, [mm])

Figure4: The influence of cutting edge radius CER on plowiorge
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Figure5: Influence of cutting speed V on forces in turningAlbT V4 with
different feeds f and various cuttinggeradii rn, standardized to a cuttimgdth of b =

1 mm[10].
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Figure6: Influence of cutting edge radius on plowing force in turninggAi1
4V at different cutting speeds, forces are standardized to a cwittigof b = 1mm

[10].

As a conclusion of the research dond1§), thermal softening might be the
reason bleind the interdependency noticed in the behavior of forces vs. cutting speeds.

No further analysis has been @an this area.

In otherpieces ofeseach, Popov et al[14] claimed thattiis impossible to use
the direct measurement method in determining plowing forces because of the rigidity
influence of the technological system. As a result of thissgomparison method of
total farces at different flank wears is followed to determime pbwing forces by
multiple researchers. The method is based on the idea that if all cutting conditions are
constant, with only increasing flank wear, chip formingnglthe force acting on the
front surface remains constant. So, the increase in tota@dooticed should be
assumed to be as a result of increasing plowing forces, since and due to increasing flank
wear, the plowing force is increased at the contaet laa®veen the tool flank surface

and the processed material. The results obtained potifeconclusion that the



extrapolation method on zero uncut thickness cannot be used to determine the plowing

forces[14].

Lipatov, A. et al[15] considerednother approach which is an extrapolation to
zero wear aredn the proposed ntleodology, the cutting tool has different width hx of
the wear area at the rear surface. The cutting force components and are determined

experimenally. As shown irFigure?, nonlinear behavior wasbtained.
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Figure7: Pz and Pxy vaNear Area Width H15]

The extrapolation method is not a precise method &rmalete the plowing
forces. Wherextrapolating the cutting forces into zero feed, the foltained is the
plowing force but at ideal sharpss. Ideal sharpness doesn't exist; therefore, the

plowing force received by the extrapolation method is imprecise.
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Consequently, atting forces éllow a bilinear fashion to be determined by
understanding #physics happening behind the cutting procéasous parameters
affect the cutting process. One of the major parameters is the eedigiegradius which
increass the parasitic forces. Whendltuttingedge radius is minimal (i.e., Ideal
Sharpness), pling forces are negligible to cutting forcess the cuttingedge wears,
the radius increases becoming rotimals not of a constant valui the cuttingedge
radius becomes larger than the unaliip thickness t, the plowing forces increase
drastically lading for it to take up a large portion of #ting forces; this state of

cutting is inefficient from an energy perspective.

Eggleston et a[16] conducted 2D orthogahtests with varying both the rake
angle andspeed as testgpameters. Analyzing this data, it is noticed that while the
tangential force varies linearly versus feed, this is not the case with thrust where the
shape is verymorlinear. Such behavior is alad to in recent work by Roth and Ismail
[17] where a bilinear fit was utilized to model the experimentally measured forces
versus feed. For very small feeds, the forces were much lower than would legsgredi
have they extiaolated bak to zero feed from relatively large feeds. Using orthogonal
tests conducted on AL202P4 by Eggleston, vertical and horizontal edge forces
generated by the deviation of the tool from sharp ideal sharp tool geometry are
estimatad using: (1) Extapolation 6 zero feed axis of linearly fitted data and (2)
Extrapolatian to zero feed axis of a bilinear fitted dfté]. So, edge forces obtained
using linear extrapolation and bilinear extrapolation to zeeddre generated for Brass
andAluminum 2024T4. Several fitting models are used: a linéawyth-order,

exponential, and a power fits and are compared:

11



In the case of both forces, the speed was found to increase the edge forces for
practically all vdues of rake angle and for tlsame velocities, the edge force decreases
as the rake angle irease. For modeling the edge forces, a similar form to that
proposed by Hamade et[dl8] andStephensofil9] was enployed for modeling cutting
force ingeneral A bilinear extrapolation to zero feed for estiting edge forces is
applied. Analyzing the variation of estimated normal and horizontal edge force as a
function of tool rake angle, a linear dependency is lgledentified. Nevertheless,
expectededge forces for the same material (brass) and equadgtake angles
estimated using bilinear extrapolation are lower than edge forces estimated using

bilinear extrapolation.

Rech, J. et a[20] studied the Influence of cuttg-edge radius on the wear resistance of
PM-HSS milling insertsThe paper analyzed the performance ofRSE inserts with
various cuttingedge radii in face milling iman annealed cas®rdening steel
experimentally. The betvior of coated PMHSS millinginserts was revealed to depend
strongly on the surface pteeament before coating. The main factors inducing the
wear resistance was found to be the modificationBetuttingedge radius and the
modifications of the susgicetexture.Honed tools with &utting-edge radius of 10
micrometers performed best in drylinig. The cutting tool life affectedly increased by
a factor of 45 compared to a standard ground tddle small cuttingedge radius averts
the PMHSS tool fromchipping off the substrate aricbm fatigue fracture of the
coating. Furthermore, based on F&deling, an optimum cutting edge radius of 14
micrometers was revealed to exist, permitting a mininonatf the equivalent stress
inside the coating, delayirtbe crack initiation, and impring the wear resistance of

the tool[20].
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Iwata, K. et al[21] attempted to construct modeling of orthogonal cutting
process by using the rigjlastic finite element method (FEM) asanalytical tool.
The papediscussed the effect of tool geometry on the mode fofehation. For an
edge radius of r/t=0.1, the results simulated were compared to an edge radius of r/t=0.5.
As shown inFigure8, asthe radius increases, thefalenation region extends deeper
into the material, and the rdtad strain also becomes larger. Also, with increasing
radius, both cutting and thrust forces increase while the curl radius of chip decreases.

The thickness athechip is found to be indepeadt of the radius of the tool edf].

(X1073SEC™)

(Cl) r/ty= 01

Figure8: Effect of radius of tool edge on mode of deformation in cutting 38

deg, t1 =50 um, p = 0.5, mF = 0.5, v = 1 um/ded).

Tansel, IN. et al.[22] proposed twalifferent enoding methods to asses wear
during the machining of soft materials such as aluminum. Estimation of the tool
condition is precise when the feed and thrust cutnges are measured at identica

cutting conditions. It was noticed that duritlg machiningf aluminum or any soft

13



material, cutting forces variations increased continuously. Meaning that the cutting
edges progressively lost their effectiveness. Thaltealso indicated that tool
condition is easier to be estimated when machisofgmateriad, while it was harder

when machining hard materigd&2].

Waldorf, D. J[23] proposed a simplified 2D slip line fiefdr deformation so
that the 3Dforces caused by chamfered or rounded edges are predicteshgribey
size of the hone, chamfer, and the material sheass{fangential, longitudinal, and
radial forces were collected, and the chips were collected tordetethe shear angle.
It was roticed that the forces increased upon increasing the edgs.rateiresults in
Figure9 displays that the tangential force increased slightly while on the other hand, the

radial/longtudinal increased dramaticall23].

1000 e 700 r —-—;
Food = 229 mimrev , . |
o : = e "
el | | z L
= 800 ~ 1 1 - P L
g 500 e
e s H
: = 400 4= T
500 I - Fed u 102 meniey |
00 " | - el Em - ] 1
e Food b . 102 mmirev -
2 400 ' gzoo — —
200 - . | 100 | . —
(] o0 (.04 0.06 (1] nod 0,06 0.08
Edge Radius, mm Edge Radivs mm

Figure9: Effect of Cutting Edge Radius on Tangential and Longitudinal forces

respectively

Another research was done by Waldorf, D.J. §R4].which focused on two
models of meerial flow. The first is based on the assumption of a mateejration
existing between the tool and the work piece, while the second model suggests the

existence of a stable buitdp of work piece material adhering teetalge and creating a
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larger pactical clearance face for the tool, leading to diverting rizdtat its outer

extreme or edge. Both models are depictdéigure10 andFigurell.

Workpiece

Figurel(Q: Cutting with material separation point on edgdw@trecovery

scenariog24]

p Workpiece

15

wild-up

w \
Stable B

Figurell: Cutting with a stable buitdp on edg¢24]

As a resu] the plowing components weseen to accommodate 60 to 70 percent
of the thrust force and 26 40 percent of the cutting force having the feed rate
approaching the value of the edge radius under the blunt indenter model. It was also
noticed inall casesthat at a cuttingedge radiusf 0.3969 mm, the plowing components
are about half of thosébeerved for the 0.7938 mm edge radius. FFogure12 and

Figure13it was foundoutthat predictions don't dtifar from experimental results as
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the average relative deviafi of the observed values fnathe model predictions was

calculated to 16.20 perceji24].
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Figure 13: Observed and predicted plowing forces using bluntritetemodel
for (a) r, = 0.7938 mm thrust direction (b) re .7938 mm cutting direction (cp6® .3
mm thrust .7938 mm cutting direction (c) re .3969 mm thrust dareand (d) re .3969

mm cuttingdirection[24]

In this research experental measurements of parasitic Esavill be done on
theHAAS SL 20 CNC at minimal feeds less than the cutgdge radius. Since the
feeds are less than the CER;h experiments would allove tmeasure directly the
parasitic forces alifferent cuttingspeeds and feeds, studying the effex various
parameters on the cutting process in 2D orthogonal cutting. An analytical model would
also be developed that redathe parasitic forces to dédfent settings involving cutting
edge radius, feed, cuttingesed, and operating temperatukethe end of the research, a
model characterizing parasitic forces would be created defining 2D orthogonal, taking
into consideraon all the parameters affectjrthe process from feeds, cutting speeds,

rake angle, tempetare, and cuttingedge radius
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CHAPTERII

METHODOLOGY

A. Experimental

1. Tool Setup and Force Measurements

The experiments were performed on the HARS20 CNC machine found. Eh
CNC lathe machinpossesses maximum spindle speed of 4000 RPM with a
maximum power of 14.9 kW. Geometrically, the machine has a chuck size of 210
mm and a bar capacity of 64 mm passeg up to 12 tool stations. As for thesax
motors, the maximum thstiforce in the X direction i$8238 N while it reaches a
value 0f22686N in the Y direction. For the fixture, firstlg tool holder was
designed to accompany all the tools availaBlsteel block of dimensions
82x50x50 mm wafirst cut. Then a groovef depth 20 mm and thickness 28 mm
was milled across the block from therft side and the left side. The tool holder
would be firmly mounted on Kistler 3Component (Fx, Fy, BDynamometer
(Type 9254). At the back side of tdgnometer, a rod is attaathéo connect the
dynometer to théool station of the CNCThe rod at théack would prove to be a
very important asset preventing vibrations and therefore allowing for a smoothe

more accurate experiments.
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Figurel4: Setup design on CREO Figurel5: The final design
manuactured and used in the
experiments

Figurel6: Forces on the&uttingEdgeRadius

The Kistler 5070 charge amplifier acqugiend amplifies the signamanating

from the dynamometer, which is then collected by a custom Kisttevare. The
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amplifier possessea typical error percentage of just 0.3 %hwat maximum of 26.

Thesystem would start taking measurements 5 secorideebautting and would stop
seconds after the tool completely disengages fromwvink piece The samiing rate is
to be input at 1000 Hz. The data would then be saved and expuden excel sheet

to have the plowing force calculated.

Chip
Tool

Work
[ f ¢ %

(b)

\ J

Figurel7: Forees in metal cutting: (a) forces acting on the chip in orthogonal

cutting, andb) forces acting on the tool that can be measured

As described ifrigure17 the forces acting on the chip d@nen calculated using

the Equation (28):

'O OOET 0TI O (2)
0 "OGATIO "ONEI (3)
"Oi "OGA TnO "0 Bl (4)
"0t OBl @A & (5)

However, since rake angle=0,

20



"O 00 (6)
0 O (7)
A Qb "OFO0m (8)

F and Nweremeasure@nd then substituted into Equati@) (here the

coefficient of frictionwasobtained.

2. Tool scanning and verification

It is then required to measure thgting-edgeradius using the optical profiler,
to identify its effect on cutting and thrulstrces. The order of magnitude is 20 to 30
micrometersThe tool was scanned irally to find the cuttingedge radius which was

measured to be 5 micrometers as showkigaire19.

Figurel8: Portion of the tool scanned Figurel9: Cutting Edge
under the microscope. (The Cuttikglge Radius scanned under the
Radiug microscope
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3. TemperatureMeasurements

Afterward, the temperature will also be taken by FORSpot thermal Camera.
Measuring temperature during cutting helps in understandirtheénmal behavior that

the tool insert is experiencing.

Figure20: Thermal Camera

4. Process Parameters

Cutting parameters significantly affect the experiments being domga proper variety
of parameters is critical. The datbtained from the literature were utilized to develop
the test miix displayed in

Table2. The cutting time would be fixed to be 1 second for all tests. An additional
1 second of rubbing is added to the end @heat; zero feed cutting. Th&ork piece

would be made from five concentric tubes showRigure21.
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Figure21 (a) AZ31 Workpiee | (b) AZ31 Workpiee® mounted on the CN(

23



a. Cutting Seeds

Fixing the spindle rotational speed at 720 RPM, the following range of cutting speed

would be covered shown ablel

Tablel: Cutting Speeds

Average resuting
tube cutting
diameter speed
(mm) m/min
1- tube 1 68 153.8
= 2-tube 2 54 122.1
&
o 3-tube 3 40 90.5
AN
N
c 4-tube 4 26 58.8
5-tube 5 12 27.1

b. Test Matrix

As for the feed, it was decided to start withiedue of 0.0025 mm/rev and then keep
doubling until a vale of 0.025 mm/revCutting at higher feeds would be needless since

parasitic forces are minimal at such ranges. Hence, a low range is preferred in this

research to determine the parasitic forces.
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Table2: Experimental test makricovering all feeds and RPMs.

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E
0.0005| 1 [X X X X X
0.001| o [X X X X X
0.0015| 3 |X X X X X
0.002| 4 |X X X X X
0.0025| 5 |X X X X X
0.003| g [X X X X X
? 0.0035( 7 |X X X X X
E 0.004f g [X X X X X
E 0.0045| g |X X X X X
0.005| 10 [X X X X X
0.006| 11 [X X X X X
0.007| 12 [X X X X X
0.008| 13 [X X X X X
0.009| 14 [X X X X X
0.01| 15 |X X X X X

For each cutting speed a fresh cutting edge was used tompéhe tests at that
speed. As for the tests order, tests were done in order starting from 0.0005 mm/rev

reaching 0.01 mm/rev. The test order is represented in

Table3.

25



Table3: Experimental test matrixogering all feeds and RPMs.

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

0.0005| 1 |1 i 15t 15t E
0001 o [2M 2nd ond ond ond
00015 3 |3 3 31 3d 34
0.002| 4 |4" 4 4N 40 2
00025 5 |5" 5h 5 5 5t
0.003| ¢ |6" 6 & 6 o
? 0.0035| 7 |7 7ih 7t ~ih i
E 0.004| g |[8" gh gih gth gh
E 0.0045| g |9" ot o omn g

0.005| 19 | 10" 10" 10 100 100

0.006( 11 110 11t 11t 11 170

0.007| 1o [12° 12 120 120 1o

0.008| 13 |13" 13" 13" 13" 13"

0.009| 14 |14" 14" 145 147 147

0.01| 15 |[15" 15" 150 15m 15"
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Table4: Machining time meter

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

0.0005 1 |Ssec S sec S sec 5 sec 5 sec
0.001| o |10sec |10sec |10sec |1lO0sec |10sec
0.0015 3 |15sec |15sec [15sec |15sec |15sec

0.002| 4 |20sec |20sec |20sec |20sec |[20<c
0.0025| 5 |25sec |25sec |25sec |25sec |25secC
0.003| g |[30sec [30sec |30sec |30sec |30sec
? 0.0035{ 7 |35sec |35sec |35sec |35sec |35sec
E 0.004| g |[40sec [40sec |40sec |40sec |40sec
E 0.0045| g |45sec |45sec |45sec |45sec |45sec
0.005| 19 |50sec |50sec |S0s=c |[50sec |50 sec
0.006| 171 |55sec |55sec [55sec |[55sec |[55sec

0.007| 1o |[60sec |60sec |60sec |[60sec |60sec
0.008| 13 [65sec |[65sec |65sec |65sec |65sec
0.009| 14 |[70sec |70sec |/7/0sec [70sec |70sec
0.01| 15 |/5sec |/5sec |/5sec |/5sec | /5secC

B. Analytical solutions (using Matlab)

1. Cutting regions & Force Diagram:
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A new force diagram is developed for this research showigure22. The

cutting process is represented by 3 regions: Region 1: Rubbing, Reflonvihg, and

Region 3: Cutting.

Old
Surface

Region 3

Feed

Cutting
Speed

Clearance Angle

Figure22: Cutting Regions

2. Region 1: Rubbing Phase

Starting with very small feed values (approximately 0), only friction forces are
acting on the tool. The process happening in this case iy pubbing as shown in

Figure23.
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QOld
Surface

Region 3

Figure23: Forces acting in Region 1. (Phase 1)

The total forces acting in this region is R1, composed of the friction force

component and normal forceroponent

"YE OGN @M O 0 (9)
Where,
O @) QEREDE £ 00 @Y QQQE ¢ (10)

To calculate the friction forces, several friction models are proposed:

I Constant Shear Friction Coefficient
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1T 4A1 PAOADDRDVAEOE MORIALEAAET O

To calculate the friction forces, friction model proposed2s} is followed:

Cp (11)

3. Region 2: Plowing Phase

As the feed increases, another force is added to the process which is the plowing
force. When the feed becomeggar than theutting-edgeradius, plowing forces start
acting on the todkading for it to take up a large portion of the cutting forcesiodar
parameters affect the plowing forces some of which are the cutting speed, feed, and the
cutting-edgeradiusof the tool. As the tool wears, teatting-edgeradius increases and
upon reaching a value larger than the feed, the plowing forces incraateally. The

force diagram is showim Figure24:
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Oold
Surface

Region 3

Clearance Angle

Figure24: Forces acting in Region 1 and Region 2. (Phase 2)

Region 1 & 2 are engaged in this state, so the total forces acting on the tool are

calculated by:

Y O O 9

Y O 0 O © (12
O 0O O O (13)
O 0 O O (14)
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YE OGN oM Y O O O 6 O O (15)

As in region 1, the friction forc® acting in region 2 depends on the length of

the contact area between the tool and the workpiece. It depends on how e¢hgaged

tool into thework pieceis.
O o) QETRIO ¢ ¢ O BIOERY QQQRE & (16)
The cutting edge of the tool will be assumed to be a quadrant of a Sioctbe

contact area between the tool and the vweke is an arc. To calculate the length of

contact, the length of an arc is todadculated

Where,

DQem@idid ¢ “ 60Y— (17)

Figure25: Calculation of angle theta
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Since the cutting edge is a quadrantanges from O to 90

Therefore,

o . ‘¢ * 600Y— Q—
Integrating fom O to 90

0 ‘¢ * s0Y=2

ProjectingO on x & z:

~—
Fi2, Fi2

CER
g 0

Figure26: Projection of Friction force 2 on x and z

600 O ® (Alternate Angles)

But,
DO0OO0000YpuyT
0 0 0 wmn(O istangent to the arc)

33

(18)

(19)



Therefore,

O0Ywm 000 wm 000

00 Ywnm —
O OJdEwm < p0)
O OATl at 3 R1)

Projectingd on x & z:

Figure27: Projection of Normal 2 on x and z

YO "YO 0 ((Corresponding Angles)

YO Y —
0 0 OEDH (22)
0O o0 Al & (23

The indentation forc& calculated by using the model proposed by Walf#f by:
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L

Figure 28 Half space modgR4]

Where'O 11 is the maximum pressure in the center of contact(x=0);@nad

goes to zerat theends of contact (x £a)0O Tt is related to théotal load"Oby:

on  — (25)
The total is related to thealf-space material properties and the cut@uge radius r by:
® Q& —80 (26)

1 ©0Qagu— 27)
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® QQ & Q——8& (28)
0 —& 0wQQaQ (29)

Only half of the cylinder is assumed to be amtact,so he thrust direction force due

plowing "0, is equal to one half d? [24].

Therefore,

0 1@ (30)

A tangential force componeft arises due to friction from the sliding edge. The
friction contact along the interface is assumed to be adhesive in nature with the shear
stress proportional to the flow stress by a friction fagtdt is assumedhat fa the
small values of 8 found in the experiments, the contact area is approximately parallel to

thework piecesurface. The cutting direction force due to plough®g given ly
0 4808 OBAT Op — & (31)

Substituting Equations (10) (19) and (28) in Equation (13):

O A a Q 60YwnéEip — 0
MO 60YHEl p — O0f Qe—+°¢c “ 60Y=1( Qbm —
(32)

& OUEAHA— T ax . Al P +& OEf)

(33)
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4. Cutting Edge Radius and Tool wear:

In the above analytical solution for the plowing and the friction forces, the
equations for each is written in terms of thetting-edgeradius and the contact length
respectively. However, it is well knowthattool insertswear with increasing machined
length and both CER wear and flank wear are observed in most cutting processes.
Hence the CER and the contact length are not constiagh are variables with varying

speed and feed.

To try and predict the flank wear happening to the tool the equation proposed by

followed:
# %2 AE A6 (34)
VB=0"Q QO (35)
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C. Numerical Modeling (FEM)

Numerical Modeling is one of the main methods used to stabhiming processes.
Finite elenent modehg (FEM) is widely used to simulate metal cutting processes when
attempting to obtain different parameters such as forces, stresses, strains, temperature,
and damage done to the tool. Finite Element Modeling throdgffORM will be used

in this research toerify the experimental data obtained.

1. Pre-Simulation

a. Modeling of Shear Behavior:

The model describing the shear behavior of AZ31B has been deterasiaed

function of the plastic strain, the strain rate and¢neperature:

5 688 Agp Ll
-Il_ o a| ” -YrY
Where,
Table5: Parameters for AZ31B
Constant (A) | Co n s t a | Activation Stress Gasconstant

ener gy | Component | R

(n)

27.5 0.052 130000 1.8 8.31447

b. Tod Geometry:
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Table 6: Tool Geometry

Tool 1
ISO Name TCMW16 T308
Inscribed Circle Diameter 9.525 mm
Cutting Edge Length 16.5 mm
Rake Angle 0
Clearance Angle 7
EPSR 60
Insert Thickness 3.97 mm
Corner Radius 0.8Mm

c. Parameters:

Simulations wil be done at different speeds and feed to mirror the experimental
work done. All the cells shown in the test matrix in

Table2 are to be refcated.

The friction coefficient will be modeled as a faion of temperaure. The data
obtained from the experimental work would be utilized to input a temperature

dependent friction function into DEFORM.
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Deformation Thermal Heating Friction Window Tool 4 4 2 »
Friction

Type

() Shear (® Coulomb () Hybrid () Constant Tau

Value
() Constant 0,43
(®) Function f(Temp.) - ﬁ?

Juserrin, 1

1k

% Cancel o Ok

Figure29: Deform Friction Coefficient Input

d. Mesh size

The mesh size in Deformas insertedathe smallest value thus a fine mesh was
followed. The number of elements per uncut chip thickness was inserted to be the

maximum value of 40-or example, if the feed is to be 0.005 mm/rev, the mesh size is

0.005/40=0.0008.
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Figure30: (a) Fine Mesh of the tool | (b) Fine Mesh of the workpiece.
e. Cutting Edge Radius

Figure31l: (a) CER (b) CER of 35um (c) CER of ® um

of 5um

The tool is modeled on DEFORM by setting thetiogtedge radiusnd the
flank wear. After each run, the CER is increased to correct for wear. Such correction

will allow for better accuracy with respect to the experimental and the analytical.values
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2. Post Simulation

a. Forces

The forces Fc and Ftre plotted vstime. Fom Equation (2), F and N could be
calculated and compared to the forces obtained from the experimental work:

X load vs. Time

B Tool

0.00

0.00
Time {sec)

0.00

Figure32: (a) Xload vsTime

0.00
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Y load vs. Time

B Tool
26.96|
|
s 20.22]
£
B 13 48'
[ |
.
B | ¥: 0
6.74) ¥io
0.00
0.00  0.00  0.00  0.00 0,00
Time (sec)

(b) Yload vs Time



b. Stressesand Strains

Stresses and Strains can also be determined at the end of the run:

0.0188
Min 0.0188
Max 591

Figure33: Effective Stresses

Figure34: Effective Strain
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CHAPTERIII

RESULTS

A. Experimental

1. Infl uence of Cutting Spe=d on Frictional forces

Rubbing runs were done at all speeds to obtain the friction forces acting in
Region 1. To achieve rubbing, first cutting at a minimal feed of 0.0005 mm/rev was
done for 3 seconds to accomplish cohtzetween th tool and wdkt piece after which a
dwellingtime of 3 seconds was done to get the rubbing forces. A sample of the raw data
obtained is showm Figure 35; the average of the last 3 seconds is calculatget tte

friction forces. The calculated frictional and normal forces are listedabe 7

Measured forces vs Time for Rubbing Conditions at Speed 30 m/min

Force x measured
Force y measured
Force z measured

Figure 35: Forces vstime at Cutting spee80 m/min
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Measured forces vs Time for Rubbing Conditions at Speed 60 m/min
80 T I T T T T T T

Force x measured
70 H Force y measured
Force z measured

60

Figure36: Forces vstime at Cuttingspe& 60 m/min

Measured forces vs Time for Rubbing Conditions at Speed 30 m/min
80 . . . . .

Force x measured
Force y measured
Force z measured

70

0 2 4 6 a8 10 12 14 16 18
Time (s)

Figure37: Forces vstime at Cutting speed 90 m/min
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Measured forces vs Time for Rubbing Conditions at Speed 120 m/min
E-D T T T T T T T T

Force x measured
70 b Force y measured
Force z measured

60 7

30 1
20 1
ol | WM
P IS Y . . . e
0 2 4 6 8 10 12 14 16 18

Time (s)

Figure38: Forces vstime at Cutting speeti20 m/min

Measured forces vs Time for Rubbing Conditions at Speed 150 m/min
80 T T T T T T T T

Force x measured

20 Force y measured i
Force z measured

a0 r i
201 B
10F | .

] 2 4 [ B 10 12 14 16 18

Time (s)

Figure39: Forces vstime at Cudting speedl50 m/min
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Table 7: Forces acting in Region 1

Spindle RPM

720 [ 720 720 720 720

cutting speed m/min

27 60 90 120 150

A B C D E
Normal Force in Region 46.23 45.31 44.83| 44.46 39.9
Friction Force in Region ] 13-5| 13.46| 1344| 1331 13

For different cutting speedBjgure40 represents the trend frictional forces
follow with increasing cutting speelt.is well known thathe coefficient of friction
tends to decrease Witncreasingelocity, thus having low frictonal forces at high

cutting speeds.
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Friction Force vs Cutting Speed
14 - - - -

—H—Friction Force

13.8

1367

1347

13271

13

1287

Friction Force(N)

12671

12471

1227

12 ' ' ' ' ' '
20 40 60 80 100 120 140 160

Cutting Speed (m/min)
Figure40: Frictional Forces vsCutting Speed

Figure40: Frictional Forces vE€utting Speedharacterizehow the fridion
forcesat Region 1 are affected by the increase in the cutting speed. Going down from a
cutting speed of 30 m/min to 120 m/min, a linear decrease of the frickimoe is seen
from a value of 13.5 N/mm to a value of 13.31 N/mntreasinghe speed ugo 150
m/min, the friction force drops tremendously into a valuel&N/mm. Such drop

could be tracked back to thermal softening affecting the tool at high speeds.
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Mormal Force vs Cutting Speed
|—£‘~.—Nnrma| Force

I
[w-s]

Mormal Force{N)
e % o b B N
[+ L fu on =] =]

S
=l

40 ' ' ' ' ' '
20 40 60 80 100 120 140 160

Cutting Speed (m/min)
Figure4l: NormalForces vsCutting Speed
2. Influence of uncutchip thickness on plowing forces.

Furthermore, Tests were done at feeds ranging from 0.0005 mm/rev to 0.01
mm/rev. A sample of the raw data obtained is showFigare 42. Force X is the
plowing force, Brce Y is he radal force, and Force Z is the Thrust ford@ acquire
the cutting and the thrust forces, the average value of each force is calculatedlat stea
state. Afterward, the values are divided by the width of the chip (2 mm) to obtain the

plowing and thehrustcoefficients.

R 6 iBE QUG QQE O

YOUYR 61081 GQ
0 op
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The values othe plowing and the thustcoefficientsare represented ifable8 and

Table9 respectively.

Measured forces vs Time for Cutting Speed 30 m/min Feed=0.5 ;:m

70 T
Force x measured
&0 k Force y measured i
Force z measured
a0 r T
= 40 r T
&
&
o
L xills i
20 r -
10 \ .
0 u-l-dl-.-ha-il . ) s A
0 2 4 3 ) 10 12

Time (s)
Figure42 Typical cutting forcesRPM = 72Q Cuttingspeed= 30 m/min, feed
0.0005mm/rev OR Feed rate of mm/min = N. F = 720 * 0.0005 mm/rev = 0.36

mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=5 um
70 T T T T T

Force x measured
Force y measured
60 b
Force z measured
50 b
= 40 b
a
g
a
L a0 F i
201 b
10+ H 4
0 IM"‘M"HI 1 1 Wi, bt b ‘?t-q'i‘
0 2 4 G 8 10 12

Time (s)
Figure43: Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed =

0.005 mm/rev OR Feed radé mm/min= N. F =720 * 0.005 mm/rev =.8 mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=10 im
70 T T

Force x measured
Force y measured
60 Force z measured

20 7

101 .

0 by i e s e e
25 30 35 40
Time (s)

Figure44: Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed =

0.01 mm/rev OR Feed rate of mm/min = N. F =720 * 0.01 mm/rev = 7.2 mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=0.5 ;:m
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Figure45: Typical cutting forcesRPM = 720 Cutting speed= 90 m/min, feed =
0.0005 mm/rev OR Feed rate of mm/min = N. F = 70005 mm/rev = 0.36

mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=5 ;:m
D T T T T T T T T T

i
Force x measured
&0 b Force y measured |
Force z measured
50 -
= 40 -
[ab]
g
=]
L 30
20
10
D 1 1 1 1
22 23 24 25 26 27 28 29 30 31 32
Time (s)

Figure46: Typical cutting forces (RPM = 720, Cutfj speed= 90 m/mineéd =

0.005 mm/rev OR Feed ratd mm/min= N. F =720 * 0.005 mm/rev = 3.6 mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=10 ;:m
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Figure47: Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed =

0.01 mm/rev OR Feed rate of mm/min = N. F207 0.01 mm/rev = 2 mm/min)
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Measured forces vs Time for Cutting Speed 150 m/min Feed=0.5 ;:m
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Figure48: Typical cutting forces (RPM = 720, Cutting speed= 150 m/min, feed
= 0.0005 mm/rev OR Feed rate of mm/min = N. F =720 * 0.0005 mm/rev = 0.36

mm/min).
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Measured forces vs Time for Cutting Speed 150 m/min Feed=5 ;m
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Figure49: Typical cutting foces (RPM= 720, Cutting speed=50 m/min,feed

= 0.005 mm/rev OR Feed rate of mm/min = N. F = 720 * 0.005 mm/rev = 3.6 mm/min).
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Measured forces vs Time for Cutting Speed 150 m/min Feed=10 zm
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Figure50: Typical cutting forces (RPM = 720, Cutting speed= 150 m/min, feed

= 0.01mm/rev OR Feed ta of mmmin = N. F = 720 * 0.0dhm/rev =7.2 mm/min).
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Table8: Plowing Coefficient at different feedsd RPMs.

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

Rubbing 19 6.572 6.59 7 6.655 5.79
0.0005| - 7.65 8.395 7.77 7.485 6.95
0.001f 3 8.4 9.005 8.695 8.42 8.965
0.0015| 4 9.347 9.78 9.7625 9 10
0.002( g 9.9 10.725 10.5 9.9 10.5
0.0025( ¢ 10.6525| 11.5915| 10.916 10.565 10.95
0.003( 7 11 12 114 10.815 118
i, 0.0B5| g 11.5385 12.2 12 11.07 11.8%
E 0.004| ¢ 11.8055| 12.229 12.13 11.2 11.675
E 0.0045| 10 11.885 12.42 12.355 115 11.855
0.005( 11 12.2155| 12.5365| 12.615 12.02 12.4055
0.006( 12 13.021 13.44| 13.4435 125 13.2165
0.007| 13 13.7775| 14.357| 14.2445 13.605 13.96
0.008( 14 14.6755| 15.227 15.41 14.66 14.965
0.009| 15 15.435| 15.9155| 16.095 15.105 15.684
0.01f 16 16 16.698 16.855 16.1 16.375
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Table9: Thrust Coefficient atlifferent feedand RPMs.

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E
Rubbing| 1 23.115| 22.655 21.2 22.3 19.95
0.0005| » 23.3 24.852| 27.508( 23.3935 20.375
0.001| g3 23.5 25.75 27.94| 24.098 25.125
0.0015( 4 24.23 26.16 28.32| 24.798 26.03
0.002| g 24.39 26.205| 27.265 23.775 25.215
0.0025| ¢ 24.503| 26.2865[ 26.735 23.5 24.44
0.003( =7 24.1 25.565 26.09| 22.7945 24.3
o 0.0035| g 24| 249465 25235 21.81 23.4495
E 0.004| ¢ 23.9 24 24.695 21.61 23.6945
E 0.0045| 1o 23.5 24.375| 23.9795 22.04 23.7945
0.005( 11 23.9 24.5 24.175( 22.302 23.91
0.006 1o 243 2485 2508 22.84 24.533
0.007| 13 24.9 25.445| 25.5885( 23.2945 25.08
0.008| 14 25.21 26.22 26.523| 24.2945 25.79
0.009| 15 25.62 26.745 26.99 24.475 26.25
0.01] 16 26 27.375| 27.555[ 25.532 26.755
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To stuly the values more evidently carrection was done by separating the
plowing and the thrust forces from the rubbing forces. Such approach tips to a better
and a clearer understanding of the behavior each force are following. The rubbing
coefficierts are sibtracted from the plowing arttle thrust coefficients to get the
corrected values.

&1 1 QD ®BRE Q'QQAQOLQQE o
YOOYR 6 6@ QQQUNGATDRE VQUQQOQQE 6
6£1 1 QuidQINDNE WQQQUOQQE O
YOO &€ 0 BE WQQQUNDAEDOOWOQD QQE 6
Represented imable10andTablell, are the updated corrected values forplogving

and thrust coefficient.
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Tablel10: Corrected Plowing Coefficients for all feeds and speeds

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

Rubbing| 4 0 0 0 0 0

0.0005| » 1.078[ 1.805 0.77 0.83 1.16

0.001| 3 1.828 2.415 1.695 1.765 3.175

0.0015| 4 2.775 3.19| 2.7625 2.345 4.21

0.002| g 3.328| 4.135 3.5 3.245 4.71

0.0025( ¢ 4.0805 5.0015( 3.916 3.91 5.16

0.003| 7 4.428 5.41 4.4 4.16 6.01

o 0.0035( g 4.9665 5.61 5 4.415 6.06

€ | 0004] g | 52335 5639 5.3 4545 5.885
o

3 0.0045 19 5.313 5.83 5.355 4.845 6.065
Lo

0.005| 11 5.6435| 5.9465| 5.615 5.365 6.6155

0.006| 12 6.449 6.85| 6.4435 5.845 7.4265

0.007| 13 7.2055 7.767( 7.2445 6.95 8.17

0.008| 14 8.1035| 8.637 8.41 8.005 9.175

0.009| 15 8.863| 9.3255| 9.095 8.45 9.894

0.01{ 16 9.428( 10.18 9.855 9.445 10.585
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Table11: Corrected Thrust Coefficient at different feeds and speeds.

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E
Rubbing 1 0 0 0 0 0
0.0005| o 0.185 2.197 6.308| 1.0935 0.425
0.001f 3 0.385 3.095 6.74 1.798 5.175
0.0015| 4 1.115 3.505 7.12 2.498 6.08
0.002f g 1.275 3.55 6.065 1.475| 5.2715
0.0025| ¢ 1.388| 3.6315 5.535 1.2 4.49
0.003( =~ 0.985 2.91 4.89 0.4945 4.35
§ 0.0035| g 0.885| 2.295 4.035 -0.49| 3.4995
E 0.004| ¢ 0.785 1.345 3.495 -0.69| 3.7445
E 0.0045| 1p 0.385 1.72 2.7795 -0.26| 3.8445
0.005 11 0.785 1.845 2.975 0.002 4.041
0.006( 12 1.185 2.195 3.88 0.54 4.583
0.007| 13 1.785 2.79 4.3885| 0.9945 5.13
0.008( 14 2.095 3.565 5.323| 1.9945 5.84
0.009| 15 2.505 4.09 5.79 2.175 6.3
001 16 2.885 4.72 6.355 3.232 6.805
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The corrected coefficients are plotted ascut chip thickness for different
cutting speedgrigure51-Figureb5) show the trend each coefficient is ensuing. The

plowing coefficient follows amcreasing trend with increasing uncut chip thickness.

When going from a feed of 0.0005 mm/rev to a feed of 0.005 mm/rev, the
plowing forces increase with a nonlardashon (bilinear). However, going over 0.005

mm/rev, the plowing force remain increagiout with a linear fashion.

Plowing Coefficient vs Uncut Chip Thickness at Speed of 30 m/min
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Figure51: Plowing Coefficient vsUncut Chip Thickness at Speed 30 m/min

At 0.0005 mm/rev, the plowing foreeas masured to be 7.65 N/mm,
increasing the feed to 0.005 mm /rev, the plowing farceeases to 12.2155 N/mm.

The increasing trend between the two points in nonlinear biliReaching a feed of
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0.01 mm/rev, the measured force was valued at 16 Nirhaincreasing trend between

the two points is noticed be linear.

Plowing Coefficient vs Uncut Chip Thickness at Speed of 60 m/min
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Figure52: Plowing Coefficient vsUncut Chip Thickness at Speed 60 m/min

With a feed of 0.0005 mm/rev, the plowing force measured was 8.395 N/mm,
when the feed wasicreaed to 0.005 mm/rev the force increased to 12.536 N/mm.
Lastly at 0.001 the foemeasured was 16.698 N/mhie forces measured at 60 m/min

is seen to be larger than the forces at 30 m/min contradicting the theoretical notion.
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Plowing Coefficient vs Uncut Chip Thickness at Speed of 90 m/min
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Figure53: Plowing Coefficient vsUncut Chip Thickness at Speed 90 m/min

At 0.0066 mm/rev, the plowing force was measured to be 7.77 N/mm,
increasing the feed to 0.005 mm /rev, the plowing force increases to 12.615 N/mm.
Reaching a feed of 0.01 mm/réliemeasured force was valued at 16.855 N/AB.

expectedthe value of the forcescreased decreased going from 60 m/min to 90 m/min
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Plowing Coefficient vs Uncut Chip Thickness at Speed of 120 m/min
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Figure54: Plowing Coefficient vsUncut Chip Thickness at Speed 120 m/min

With a feed 00.00(6 mm/rev, the plowing force measured was 7.485 N/mm,
when the feed was increasedd 005 mm/rev the force increased to 12.02 N/mm.

Lastly at 0.001 the force measured was 16.11 N/mm.

The forces further decreased as the cutting speed increased froimi@&to

120 m/min.
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Plowing Coefficient vs Uncut Chip Thickness at Speed of 150 m/min
18 ) - ) ) T - - - -

— B —Plowing Coefficient
16 | |~ " — Corrected Plowing Coefficient = ~ Bl
= — Cutting -
E 14 r : =
E . E|-“
< £
b H : -y
£ 10 = )
8 g 7
s 87 v g
§ Lo e
E 4t WV
o ’ :
Sf Plowing «
2r 7 g
X :

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Feed (mm/rev)

Figure55: Plowing Coefficient vs Uncut Chip Thickness at Speed 150 mimi

At 0.0005 mm/rev, the plowing force was measured to be 6.95 N/mm,
increasing the feed to 0.005 mm /rev, the plowing force incréas@s4 N/mm

However, eaching a feed of 0.01 mm/rev, the measuoeckfwas valued at 16.375.

Lastly, the increase in speed to 150 m/aecreasethe values measured from

those measured at a speed of 120 m/min
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FromFigure51-Figure55) ,the plowing forces are seen to be following an
increasing behavior with incrsimg speed throughout all the experiments. However,
suchfashiondiffers between two intervals. At the fiigterval of feeds (0.0005mm/rev
0.005 mm/rev), the plowing forces follow a bilinear fashion. At the second interval
(0.005 mm/reni 0.01 mm/rev), e plowing forces follow a linear fashion. To support

such observation, force values were taken at feed9005, 0005, and 0.01 mm/rev.

Afterwards, the average values were calculated to inspect the linearity of the
trends. The average value of the obetween 0.0005 mm/rev and 0.005 mm/rev was
obtained to be much less than the actual value obtaine@0&bGnm/re/. However, at
the second interval (0.005 mm/re¥.01 mm/rev), the average value of the two points
was obtained to be very close to theuatvalue at 0.007 mm/rev. Such results support

the nonlinearity of the first interval and the linearity the seond interval.

On the other hand, the thrust coefficient follows a different trend. Three
different intervals could be noticed kigure56-Figure60). The first interval at very
low feeds(0 mm-0.002 mm), the second interval rangingveen 0.0020.005 mm,
and lastly the third interval is the cutting interval ranging between 0.005 mm and 0.01
mm. At the first interval, the thrust coefficient increases with increasing feed. Going
into thesecondinterval, the thrust coefficient decreaseith growing feed. Such a
decrease could be drawn back to the negative affect the friction force acting on the

cutting-edge radius would have on the process. Lastly, going over to the cutting
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interval, thethrustcoefficient goes back into following ankar behavior increasing with

increasing feed.

Thrust Coefficient vs Feed at Speed of 30 m/min
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Figure56: Thrust Coefficient vsUncut Chip Thickness at Speed 30 m/min

At 0.0005 mm/rev, thehrustforce was measured be 23.3N/mm, increasing
the feed to 0.00b mm /rev, thehrustforce increases t®4.504N/mm. However,
passing this feed, the thrust forces starts decreasing until reaching a value of 23.5 N/mm
at a feed of 0.0045 mm/rev. The forces then increase Ijnaatil reachinga value of

26 N/mm at theargest feed of 0.01 mm/rev.
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Thrust Coefficient vs Feed at Speed of 60 m/min
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Figure57: Thrust Coefficient vsUncut Chip Thickness at Speed 60 m/min

With a feed of 0.0005 mm/rev, thlerustforce measured waxt.852N/mm,

when the éed was inreasedo 0.0® mm/rev the forcéencreasedo 26.205N/mm.

Afterwards, the forces starts decreasing to a value of 24 N/mm at a feed of 0.004

mm/rev, before increasing to 27.375 N/ratr0.00Imm/rev.
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Thrust Coefficient vs Feed at Speed of 90 m/min
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Figure58: ThrustCoefficient vs. Uncut Chip Thickness at Sp80 m/min

At 0.0005 mm/rev, thehrustforce was measured to B&.508N/mm,
increasing the feed to 0.09 mm /rev, thehrustforce increases t88.32N/mm.
However, passing this feed, the thrust forces stitseasig until reaching a value of
23.9795N/mm at a feed of 0.0045 mm/rev. The forces then increase linearly until

reaching a value d¢f7.555 N/mm.
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Thrust Coefficient vs Feed at Speed of 120 m/min
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Figure59: Thrust Coefficient vsUncut Chip Thickness at Speed 120 m/min

With a feedof 0.0005 mm/rev, théhrustforce measured wa3.3935N/mm,
when the feed was increased to A®fhm/rev the forcéncreasedo 23.775N/mm.
Afterwards, the forces starts decreasing to a value of 21.61 N/mm at a feed of 0.004

mm/rev, before ioreasing® 25532 N/mmat 0.00Imm/rev.
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Thrust Coefficient vs Feed at Speed of 150 m/min
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Figure60: Thrust Coefficient vsUncut Chip Thickness at Speed 150 m/min

At 0.0005 mm/rev, thehrustforce was measured to B8.375N/mm,
increasing the feed to 0.09 mm /rev, thehrustforce ircreases t@6.04N/mm.
However, passing this feed, the thrust forces starts decreasing until reaching a value of
23.4495 N/mm at a feed of 0.0035 mm/r&kie forces then increase linearly until

reaching a value &6.755N/mm.

3. Influence of cutting speedon plowing forces.

The plowing coefficient is also plotted vs. Uncut Chip Thickness for each
cutting speed in an attempt to observe how the speed affects the Farceach speed,

a fresh new cutting edge was usleds tool wear is disregded when Kifting from a
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cutting speed to anothdfigure61 represents how the plowing coefficient graph shifts

as the cutting speed changes

Plowing Coefficient vs Uncut Chip Thickness for Different Cutting Speeds
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Figure6l: Plowing Coefficient vsUncut Chip Thickness atfterent Qutting

Speeds

Theoretically, it is believed that the plowing coefficients would decrease with
increasing speed. Such behavior could be seEmgure61 at cutting speeds of 60
m/min, 90 m/min, and 120 m/min. As the spaetteags from60 to 90 to 120 m/min,
the graph of each cutting speed shifts downwart imitreasing speed, thus lower
plowing coefficients. However, the trend changes upon going from speed 30 m/min to
60 m/min. Instead of shifting downward, the graphvesoupwad. Thesame behavior

is observed upon going from 120 m/min to 150 m/min as thedishifts upward too.
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For each speed, a fresh new cutting edge radius was used, thus tool wear is not a reason
for irregular shiftsThe absence of interdependeneyvireen he two ould be drawn

back to the effect of thermal softening, as statefdby
4. Tempeature Measurements

Temperature measurements were taken Using TG165 Spot thermal
Camera. The average temperature at the tip of the esotalclated using FLIR tool

specifial software as shown Figure62 andFigure63. The values obtained are shown

in Tablel12.

Figure63: Thermal Photos of experiments at Speed 150 m/min and feed 0.005
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Tablel2 Temperature Measuremts

Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E
Rubbing 1 27.7 27 26 25.4 24.6
0.0005 2 28.1 27.9 26.4 26 25.2
0.001 3 29 28 27 26.4 27.2
0.0015 4 28.1 28.2 27.7 27.1 28.4
0.002 5 28.8 284 28.1 29.2 28.6
0.0025 6 30 28.8 28.2 25.8 28.8
0.003 7 30.3 29.3 28.7 26.1 30.2
o 0.0035 ) 30.7 29.3 29.8 26.9 31.3
£ 0.004] ¢ 32 29.4 30.4 271 31.9
o
3 0.0045| 1p 32.2 31.3 30.7 26.5 32
Lo
0.005| 11 32.7 315 30.9 27 32.3
0.006| 12 33 32.6 31.8 28 32.9
0.007| 13 33.3 33.7 30.9 288 33.1
0.008| 14 33.8 32 30.3 29.6 33.4
0.009| 15 34 34.1 33.7 30 33.7
0.01f 16 34.4 34.4 34 31.8 32.6

For each cutting speed, temperature measurements are plotted vs. uncut chip
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thicknessasshown inFigure64Figure68), the temperature increases as the uncut chip




increases. However, the difference in temperature between the maximum and the
minimum feed is minimal. The value of fedasing worked on is miniral (0.0005mm-

0.01 mm), so a massive difference in temperature is improbable.

Temperature vs Feed at Speed of 30 m/min
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Figure64: Temperature vdJncut Chip Thickness at Speed 30 m/min
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Figure65: Temperature vdJncutChip Thickness at Speed 60/min
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Temperature vs Feed at Speed of 90 m/min
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Figure66. Temperature vdJncut Chip Thickness at Speed 90 m/min
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Temperature vs Feed at Speed of 120 m/min
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Figure67: Temperature vdJncut Chip Thickness at Speed 120 m/min
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Temperature vs Feed at Speed of 150 m/min
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Figure68: Temperature vdJncut Chip Thickess at Speed 150 m/min
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5. Tool Scanning:

After completing the rubbing testtheflank side of theéool was scanned under
the microscope to measure the length of contact between the tool and work piece upon
rubbing. kis assumed that the length @intact is the flank wear that affected the tisol

due to friction.

Figure69represents the flank wear shown under the microscope. The length of

contact between the toah@ the vork piece is measured to be ramgibetween 42 um

and 50 pm

Figure69: Length of contact

84



B. Analytical
To compare between experimental and analytical values, Equations (13) and (14) are to
be obtained and compared withithexpermental counterpart® andO. Each factor in

theequations iso be determined by trenalytical equations sabove

1. Regin 1.

First, he total forces acting in this regi@iY , composed of the friction force

componentO and nomal force componeni 8SeeFigure23.

YE OGN M O 0 9
Using Equation10) to g¢ "O h

0 o) QEEEE ¢ o QY Q Qs (10)
Whered Q& BSI® ¢ £ 0w GX@BY Q Q@& ¢ v TA | measured ifFigure69,
To calalate the friction forces, several friction models are proposed:

1. Constant Shear Friction Coefficient

)

. um .
O r[fﬂJoo? X® L
2. 4A1 PAOABDABA AGE BORAALEAAET O
To calculate the friction forces, friction mel promsed by{25] is followed:

“p WY (12)
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The temperature data obtained from the experiments is gluggeto
MATLAB along the eperimental values of 8Jsing the function Isqcuefit, the

constants @b, and ¢ were tabulated to be:
a=7.4954» m

b=1865.1

€c=329.5205

Therefore,
8
P X8 wuTpmQ s
2. Region 2.

To obtain the forces in region 2, first the friction force acting in the region is

calculated by equation %}

The predided plowing and thrusoefficients are computed usiguations
(27) and @8) using MATLAB for all uncut chip thicknesssing the material properties

listed inTablel3:
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Table13: AZ31B Material Properties

Modulus of Elasticity E 44 MPa
Poi ssondés Ratio 0.35
Shear Yield Stress 226 MPa

Equations (13) and (14) ansed to sunthe valuesrom Equations (27) and (28)
with thevaluesattained from Equations (10) and (19) to obt&@mand Orespectively.
Two cases are simulated using Matlab. First, a constant cetligeg radius is plugged
in the equations and then, variablERCis plugged in usingquation 82). The

comparison between the experimental and analytical vedshown inFigure70-

Figure82):
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a. Constant Cuttindedge Radius

First, the cuttingedge radius of the tool is assumed to be constant meaning that tool

wear is assumed to be mmal or nonexistent. The predicted forces are shown below in

Figure70.

Analytical for Forces in the x Direction Speed for a constant CER
'1-'-1- T T T T T T T T T

_g_Tntal Fx Equation(29)
— 24 — Friciton 1 Equation{10)
12 I | — <7 — Plowing Eqaution(28) : )

=i
o

s}

Force Fxfw (N/mm)
S N

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Uncut Chip Thickness (mm)

Figure70: Analytical Values
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Analytical vs Experimental Values for Forces in the x Direction Speed 30 m/min
22 - - - - g - - - -

| |~-EF— Analytical Equation (18)
20 —.é.—Experimental

187

16

[

| .-t
L -E.-r -
Cutting
Forces

Force Fx/w (N/mm)
5 N =

d?h'_'c?

0 . . . . ; . : . .
0 1 2 3 4 5 G ¥ 8 2] 10
Feed [ um/rev)

Figure71: Analytical vs Experimental Corrected Values foped 30m/min.

With a cutting speed of 30 m/mitihe analytical model is seen to fedicting
the plowing forces with a great accuracy. Tiféerencebetween the experimental and
the analytical values was calculated t®6H@3% between feeds of 0 andd05 mmfev.
However, when the feed is above 0.005 mm/revgitierenceincreases to a value of
12.2%. Such increase in the value of th#erencecould be drawn back to the
admission of the cutting forces into the processhSarces are not depictead the

analytical model utilized and thus the increase indifferenceis justified.
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Analytical vs Experimental Values for Forces in the x Direction Speed 60 m/min

| |~"EF— Analytical Equation (18)
20 —.é.—F_xperimental

187

16

—a
-
T

_E.--"'"-FE]
e S Cutting
Forces

-
%]

Force Fx/w (N/mim)
=

0 : . . . ; . . . :
0 1 2 3 4 5 G T ] ) 10
Feed [ pmirev)

Figure72: Analytical vs Experimental Values for Speed 60 m/min

Increasing theutting speedo 60 m/min, the angtical model is seen to be
prediding the plowing forces withraexcellentaccuracyof 11.37% between feeds of 0

and 0.005 mm/revkurthermorewhen the feethcreases abov@005 mm/rev, the

differenceincreases to a value ©¥.84%.
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Analytical vs Experimental Values for Forces in the x Direction Speed 90 m/min

20 —-B-— Analytical Equation (18)
—.é.—F_xperimental
18 | 1
it

16 | =gl
— -1
E 14 | -I-Ef" l
= - Cutting
=12 Forces
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0
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E E-E_ - A

E -
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0 i i i i 1 i i i i

0 1 2 3 & 5 G 7 8 9 10

Feed [ pumirev)

Figure73: Anaytical vs. Experimental Values for Speed 90 m/min

Increasing theutting speedo 90 m/min, the analytical model is seen to be
predicting the plowing forces withgoodaccuracy. Thelifferencecalculated decreased
to a valueof 10.45% between feeds @and 0005mm/rev.As in the cases beforthe

differenceincreases to a value ©6.18% the feedncreases abov@005 mm/rev
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Analytical vs Experimental Values for Forces in the x Direction Speed 120 m/min

0l —-El— Analytical Equation (18)
—-é-—Experimental

18T

-
[my}
II_IL.-'"

Forces

107

Force Fxiw (N/mm)

0 : . . . ; . . . :
0 1 2 3 4 5 G T ] ) 10
Feed [ pmirev)

Figure74: Analytical vs Experimental Values for Speed 120min

At acutting speeaf 120 m/min,the andytical model isstill perceived to be
predicting the plowing forces witmaxcellentaccuracy. Thelifferencecalculated
decreased to a value of jsR28% between feeds of 0 and 0.005 mm/wtvhigher

feeds, thedifferencesurprisingly decreas t08.39 %.
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Analytical vs Experimental Values for Forces in the x Direction Speed 150 m/min
22 ; - - - : - - - -

—-B-— Analytical Equation (18)
20 —.és.—F_xperimental

18

16
] ‘_'_...--'E
= T
Cutting
Forces

=
o
T

b
M3
T

107F

Force Fx/w (N/mm)

D 1 1 1 1 ; 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Feed ( umm/rev)

Figure75: Analytical vs Experimental Values for Speed 150 m/min

Increasing theutting speedo 150 m/min, the analytical model is seen to be
predicting the plowing forces withgoodaccuracy. Thelifferencecalculaed dereased
to a value 0fLl0.3% between feeds of 0 and 0.005 mm/vey.in the cases beforthe

differenceincreases to a value 262 % the feedncreases abov@ 005 mm/rev
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b. Variable Cutting Edge Radius

Figure76: DamagedCuttingEdge Radius

In this case, the cuttirgdge radius is taken to be variable varying with feed and
speed. So, tool wear is taken into consideration and the analytical values are wear
correctedAs seen irFigure76, thecuttingedgeradius increased from 5 micrometers to
50. Equatios (33-37) were use@nd plugged in Matlab. The analytical data are shown

in Figure78-Figure82):
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Analytical for Forces in the x Direction Speed for an increasing CER
"15 T T T T T T T T

Ag—Tntal Fx Equation(28)
16 | |— = — Friciton 1 Equation(10)

—%7 —Plowing Egaution(28)

14

-
M3
T

=i
Q
T

I

&é.é.—.&é.é—-—- - -

_ X |
ﬁ?“v

Force Fx/w (N/mm)

o
T

i i i i 1 i i i i

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Uncut Chip Thickness (mm)

Figure77:. Analyitcal Values
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Analytical vs Experimental Values for Forces in the x Direction Speed 30 m/min
20 - - - - - - - - - 55

—-B-—Force x Analytical Equation (18)
18 [ | —A— Force x measured . 50
s CER Exponential Equation (26) —>‘ 5
16 o iy
] a0 7
14 £
B 95 =
£ 12 =
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g 30 E
10
P W
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S 5 w
& / 2 2
£
6 . =1
115 O
4T 110
2r _a'... 15
D 1 1 1 1 1 1 1 1 1 D
0 1 2 3 4 5 6 7 8 9 10

Feed um/rev

Figure78: Analytical vs Experimental values in the x direction for a variable

CER at Spee@0 m/min.

With a cutting speed of 30 m/min, the analytical model is seen to be predicting
the pbwing forces wih avery highaccuracy. Thelifferencebetween the experimental

and the analytical values was calculated td.Bé %.
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Analytical vs Experimental Values for Forces in the x Direction Speed 60 m/min
20 - - - - - - - - -

65
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Figure79: Analytical vs Experimental values in the x direction for a variable

CER at Sped 60 m/min.

Increamg thecutting speedo 60 m/min,the analytical model is seen to be

predicting the plowing forces withralatively goodaccuracy. Thelifferenceincreased

to larger but still a good value 6f755%.
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Analytical vs Experimental Values for Forces in the x Direction Speed 90 m/min
- ; - - - - - - 55

20 -
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Figure80: Analytical vs Experimental values in thedirection for a variable

CER at Speed 90 m/min.

Increasing theutting speedo 90 m/min, the analytical model is seen to be

predicting the plowing forces withgoodaccuracy. Thelifferencecalculated dcreased

to avalue 0f5.07%.
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Analytical vs Experimental Values for Forces in the x Direction Speed 120 m/min
20 - - - - - - - - -
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Figure81: Analytical vs Experimental values in the x direction for a variable

CER at Speed 120 m/min.

At acutting speeaf 120 m/min, the analytical modefedicted the force values

with a minimal percentagédifference of 0.131 %
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Analytical vs Experimental Values for Forces in the x Direction Speed 150 m/min
20 - - - - - - - - -
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Figure82: Analytical vs Experimental values in the x direction for a variable

CER at Speed 150 m/min.

Increasing theutting speedo 150 m/min, the analytical model is seen to be
predicing the plowingorces wth agoodaccuracy. Thelifferencecalculatedncreased

to a value of 3.84 %.

From,the analytical model has predicted the value relatively well with respect to
the experimental \raes. The average percentagelifferencebetweerthe plowing
andytical predictions and the experimental values is approximated 805085%
percent for a constaotitting-edgeradius, whereas thdifferencedropped to a mere

3.095% for a variable cuing edge radiugsing the equations correcting fwear. As
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one nmay expectthe increase idifferencein the interval of 0.005 mr.01 mm is

drawn back to the admission of the cutting forces into the prodess. tBe cutting

forces are not portrayed in the analytical model utiliretthis research, th
experimentalaluesareincreasing without the analytical model compensating for that
increase in its prediction. Thus, the experimental values shift away from the analytical

values and so thdifferenceincreases drastically.

Analytical vs Experimental Values for Forces in the z Direction Speed 30 m/min
35 ; ; - ; ; ; ; ; ;

85
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Figure83: Analytical vs Experimental values in thedirection for a variable

CER at Spee@0 m/min.
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Analytical vs Experimental Values for Forces in the z Direction Speed 60 m/min
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Figure84: Analytical vs Experimental values irhe z direction for a variable

CER at Spee@0 m/min.
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Figure85: Analytical vs. Experimental values in the z direction for a variable

CER at Speef0 m/min.
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Analytical vs Experimental Values for Forces in the z Direction Speed 120 m/min
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Figure86: Analytical vs Experimental values ithe z direction for a variable

CER at Speed20 m/min.

104



Analytical vs Experimental Values for Forces in the z Direction Speed 150 m/min
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Figure87: Analyticd vs. Experimental values in the z direction for a variable

CER at Speed50 m/min.

The analytical model of this research predicted the forces in the z direction with
a good accuracy. The model successfully predicted the ditypmahe trend fhe bump
sea in all the figures of force z) that was witnessed in the experimental values,

although at a later stage.
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C. Numerical

Simulations of the process were done on Deform for all speeds and feeds reported in

Table2. Correction for vear was applied by varying tlatting-edgeradius with

increasing feed.

1. Stagnation Point

Stagnation Point '

Feed = 5 um/rev

Feed = 0.5 pm/rev

Feed = 2 pm/rev

Feed = 10 um/rev a7

Feed = 6 pm/rev

Figure88: Stagnation Point

The stagnation point is theipbalong the arc of the cutgredge radius at
which a chip would flow out alogthe rake face of the tool. From the runs done through
DEFORM, between 0.am and 5um the material was compressed and deformed under
tool and no chip was formed. However,aleiag a feed of um, a chip waformed

flowing upwads along the rake face dfe tool.
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2. Forces

Table14: Force z Numerical values obtained by DEFORM for all speeds and

feeds.
Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

Rubbing | 1 6 5.5 5 4.5 4.3
0.0005| o2 6.405 6 5.3775( 4.755 4.53
0.001f 3 6.905 6.5 5.8775 5.255 5.03
0.0015( 4 7.405 7 6.3775| 5.755 5.53
0.002| g 8.41 8.005| 7.3825 6.76 6.535
0.0025( ¢ 8.805 8.4 7.7775| 7.155 6.93
0.003( 7 9.22 8.815| 8.4075 8 7.775
? 0.0035( g 9.405 9 8.75 8.5 8.275
E 0.004( ¢ 9.805 9.4 9.2 9 8.775
E?é 0.0045| 10 10.105 9.7 9.45 9.2 8.975
0.005( 11 11.125 10.72( 10.0975( 9.475 9.25
0.006 12 11.685 11.28| 10.6575| 10.035 9.81
0.007| 13 12.295 11.89( 11.2675| 10.645 10.42
0.008| 14 12.905 12.5| 11.8775| 11.255 1103
0.009( 15 13.33 12.925| 12.3025| 11.68 11.455
0.01| 16 13.755 13.35( 13.0975| 12.845 12.62
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Table15: Force ZNumerical values obtained by DEFORM for all speeds and

feeds.
Spindle RPM
720 720 720 720 720
cutting speed m/min
27 60 90 120 150
A B C D E

Rubbing| 1 13.53 13.2 12.8 12.3 12.4
0.0005( 2 13.745 13.36 12.98 12.6 12.51
0.001| 3 15.385 15 14.62( 14.24 14.15
0.0015( 4 16.385 16 15.62| 15.24 1515
0.002| g 17.66| 17275 16.895| 16.515 16.425
0.0025| ¢ 18.225 17.84 17.46( 17.08 16.99
0.003 7 18.79] 18.405 18.03( 17.655 17.565
o 0.0035| g 18.985 18.6 18.55 18.5 18.41
E 0.004( 9 19.385 19 18.82( 18.64 18.55
E 0.0045( 10 19.885 195 19.12( 18.74 18.65
0005 11 20.83| 20.445| 20.065( 19.685 19.595
0.006( 12 21.42( 21.035| 20.655| 20.275 20.185
0.007( 13 22.045 21.66 21.28 20.9 20.81
0.008( 14 22.67| 22.285| 21.905( 21.525 21.435
0.009| 15 23.3525( 22.9675| 22.5875| 22.2075 22.1175
0.01( 16 24.035 23.65 23.575 235 2341
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Analytical vs Experimental Values for Forces in the x Direction Speed 30 m/fmin
18 T T - - - T T T ——

- 55
16 "
45
14 l E
40 E
£ 12 s
: 38
£ =
- =
=10 ? E
E [l
2 . 25 _aé:
8 7 :
g 20 @
(T ’ =
& £
115 3
.l .;, ——Force x measured
—A —Force x Analytical Equation (32)| 110
ok =%/ —Numerical x i1s
........... CER Equation (34)
D 1 1 1 1 1 L L ' I D
0 1 2 3 4 5 6 7 i a0
Feed pmirev

Figure89: Numerical vsAnalytical vs Experimental values for different feeds

at Speed of 30 m/min for Forces in thdirection

At a speed of 30 m/min, the percentage difference between the simulations and
the anajtical model is10.502%6. While the simulation predted the experimental

values with an accuracy of 14.5 %.
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Analytical vs Experimental Values for Forces in the x Direction Speed 60 m/min
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Figure90: Numerical vsAnalytical vs Experimental values for different feeds

at Speed of 60 m/min for Forces in thdiredion

At a speed of ® m/min, the percentage tifence between the simulations and
the analytical model i84.1246. While the simulation predicted the expemta values

with an accuracy of 2908%.
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Analytical vs Experimental Values for Forces in the x Direction Speed 90 m/min
18 - - - - - - - - — =

s 856
[
16 50
3.45
14
/a0 E
=12 §
£ 35 =
£ i
g‘lﬂ 30 3
e
P W
8 1 05
L ey v =
115 O3
4r —H—Force x measured
2 4 —A —Force x Analytical Equation (32)| 710
2 & — 57— Numerical x 15
"""""" CER Equation (34)
0 ' ' ' ' ' ' ' ' ' 0
0 1 2 3 4 5 G 7 8 ) 10

Feed pm/frev
Figure91: Numerical . Analytical vs Experimenal values for different feeds

at Speed of 90 m/min for Forces in the x direction

At a speed of 90 m/min, the percentage difference betweesirhulations and
the analytical model i$6.3®6. While the simulation predicted tleeperimental values

with anaccuracy 023.08 %.
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Analytical vs Experimental Values for Forces in the x Direction Speed 120 m/min
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Figure92: Numerical vsAnalytical vs Experimental values for different feeds

at Speed of 120 mmin for Forces in the x direction

At a speed of 120 m/min, the percentage thffeebetween the simulationsid
the analytical model i$9.3 %. While the simulation predicted the experimental values

with an accuracy a?21.52%.
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Analytical vs Experimental Values for Forces in the x Direction Speed 150 m/min
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Figure93: Numerical vs Analytical vs Experimental values for different feed

at Speed of 150 m/min for Forsén the x direction

At a speed of 15M/min, the percentage difference between the simulations and
the analytical model i$8.54%6. While the simulatiopredicted the experimental values

with an accuracy a23.49%.
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Analytical vs Experimental Values for Forces in the z Direction Speed 30 m/min
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Figure 94: Numerical vs Analytical vs Experimental viues for different feeds

at Speed of 30 m/min for Forces in the z direction

At a speed of 30 m/min, the percage difference between the simulations and
the analytical model i$8 %. The percentage difference neased when predicting the z

forces than wan predicting the x forces.
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Analytical vs Experimental Values for Forces in the z Direction Speed 60 m/min
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Figure95: Numerical vsAnalytical vs Experimental valas for different feeds

at Speed of 60 m/min for Forces in théirzedion

At a speed of 60 m/min, élpercentage difference between the simutatiand

the analytical model is 20.84 %.
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Analytical vs Experimental Values for Forces in the z Direction Speed 90 m/min
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Figure96: Numerical vsAnalytical vs Experimental values for different feeds

at Speed of 90 m/min forofcesin the z direction

At a speed 090 m/min, the percentage difference betwiéensimulations and

the analytical model is 21 %.
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Analytical vs Experimental Values for Forces in the z Direction Speed 120 m/min
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Figure97: Numeical vs Analytical vs Experimental values for different feeds

at Speed of 126/min for Forces in the z direction

At a speed of 120 m/min, the percentage diffeedsetween the simulations and

the analytical model is 24.14 %.
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Analytical vs Experimental Values for Forces in the z Direction Speed 150 m/min
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Figure98: Numerical vsAnalytical vs Experimental values for different feeds

at Speed of 150 m/min for Forces in thelizection

At a speed of 150 m/min, the percaye difference between the simulations and

the analytical model is 25.14 %.

3. Temperature

Tenperature values were taken from deform for all speeds and feeds, and then

were compared with the values obtained frothe thermal camera.
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The values from the simafion are much higher than those of the thermal
camera. The reason behind that is that theetmal camera measures the temperature
at the surface, while from defornhe temperature is obtained at the toathip
interface. When getting the temperature at tiseirface from deform, the values

coincide with those of the thermal camera.

Figure99: Temperature distrubtion from deform

Temperature vale are plotted vs feed for different cuttirg speeds ifrigure
100. FromFigurel00, the temperature is noticed to be increasing with increasing
cutting speed, and also incrgiag with increasing feed. As the feed ieases, the
contact area between the tool and theorkpieceincreases, thus more forces are

introduced into the process and thus the temperature will increase.
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Figure10Q Temperature v$-eedfor different cutting speeds.

The valies are then inserted into Matlab to generate ttemperature
dependent friction coefficient function shown in Equation (11). Equation (11) proposed

by [25] relates the frction coefficient to the temperature of thtool-chip interface as

follows:
a=7.4954» m
b=1865.1
€c=329.5205

Therefore,
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8
‘ P X8 wuTmmMQ 8 (11

The tempeature dependent friction coefficient is then substituted in Equations
(11) and (16) instead of a constant friction coefficient. The new analytical values are

plottedvs. Experimental irFigure101Figurel05).

Analytical vs Experimental Values for Forces in the x Direction Speed 30 m/min
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Figurel01 Analytical vs Experimental for Speed of 30 m/min
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Analytical vs Experimental Values for Forces in the x Direction Speed 60 m/min
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Figure102 Andytical vs Experimental for Speed of 60 m/min
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Analytical vs Experimental Values for Forces in the x Direction Speed 90 m/min
18

T T T T T T T ' e 1"55
a2’ - :I
N 50
145
14 r
_. -0
— 12 - I o * - FE’
: T v 135
E I ++1,,,+‘ T #?
= 10 & W’v s
= Wﬁ?'ﬁ'
: . X 125
A
g f _'v- W W .‘J"
5 1T [
L6y
115
N —E—Force x measured
—A —Force x Analytical Equation (32)| 710
| —%7-—Numerical x {8
----------- CER Equation (34)
D 1 1 i i 1 ! . : I D
o 1 2 3 4 > 6 7 & 9 10

Feed pmirev

Figure103 Analytical vs Experimental for Speed of 90 m/min
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Analytical vs Experimental Values for Forces in the x Direction Speed 120 m/min
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Figure104 Analytical vs Experimental for Speed o0 m/min
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Analytical vs Experimental Values for Forces in the x Direction Speed 150 m/min
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Figurel05: Analytical vs Experimental for Speed 450 m/min

From Figurel01Figurel05), the analytical values are seen to be predicting the
experimental values with mudhghe accuracy than when substituting a constant
friction coefficient. The accuracy of the modediculated to be 99.97 % when

comparing with Experimental values.

The temperature dependent friction coefficient from Equation (11) takes into
consideratiorthe effect of cutting speed and adds it to the anallytreadel; thus, for
every cutting speed a uqe solution is generated, whereas with a constant friction
coeficient, a single solution was generated for different cutting speeds. So, the
analytical nodel now predicts the forces of the process taking iottsleration all the

parameters affecting fitom feed, to speed and temperature.
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CHAPTERIV

DISCUSSION

Comparing the work done in this research to other wesdearch done by
Hamade, R F[27] presenting aovel actuator design feibrationrinduced
micromachining BUEVA). Thebi-directional ultrasonic elliptical vibration actuator
(BUEVA) possesses a combination of features that renders it suitablad¢bining a
wide rangeof materials over a variety of cutting parametdggperimental work was
done and direct measureants of cutting and thrust forces were performed. The
analytical model introduced by Arcof@8] was utilized to predict the cutting attdug

forces. Represented igurelO6 are the experimental and ttieeoretical data obtained.
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Figurel06. Experimental versus theoretical force components for Al2024

cutting tests[27]

Comparing the data obtained 7] to the data from this researchetcutting
forces are found to be very close armhdifferent. A value of 20 N was obtained by
[27] compared to values ranging betweerNland24 N in this research. However, the
thrust foce is where the difference appedrsrust faces were measured Hf27] to be

around 15 N, wheream this research the thrust forces were measured to be 40 N.

0 — —+)* b @O )

0 W @O —)

Another research by Hamade RZ9] was done to extract cutting force

coefficierts from drilling experimentdzigure107 represents the plowing and the thrust
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coefficients extracted from the drilling experiments. Comparing the coefficients

obtained by{29] to the coefficiets extracted by this search, the plowing coefficients

agree.
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Figure107: Kne and Kte for the cutting edge only shown plotted along the

length of the lip. Values correspond to cutting speed of 50 nj&Z8in
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Plowing Coefficient vs Uncut Chip Thickness at Speed of 60 m/min
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Figure108 Plowing Coefficient at Cutting Speed of 60 m/min.

ExaminingFigure107andFigure108 the plowing coefficients overlap ranging
between 8 N/mm and 12 N/mm in Hopieces ofesearchThe trendliffers, however.
The plowing coefficierstin the drilling experiments decrease as the distance along the
lip increases. Whereas in orthogonal cuttihg plowing coefficient increases as the
feed increass. The disagreement is@®und when comparing the thrust coefficients.
The thrust coefficients obtained in this research are twice the values extracted from the

drilling experiments.

The work done byroth and Ismail17] onthe 5axis milling machine yielded a

radial coefficient of 5.778 N/mm and a thrust coefficient of 13.863 N/mm.
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Additionally, values obtained frofil0] are repreented irFigurel09. The
plowing forces measured/p10] concur with the forces measured by our experiments

for high cutting speeds andWacutting-edge radius.
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Figure109 Influence of cutting edge radius on plowing force in turnirig Ti
6AlT 4V at different cuing spees, forces are standardized to a cutting width of b =

1mm[10].

Comparing the results with some micro assisted machining viedaaks from

[38] are shownn Figurel10. At theinterval of (30.005 mm), the values are seen to be

varying between 2 and 1 N. The equations usel@®)yare:

0 -2 Ai ¢
wsflA o

6) —.r—OOEﬁ
i |

Where,

"Ois the sheaforce=Q & 0
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And’Q is the average material flow stress in the shear plane is givitie by

JohnsorCook model

The equations usdy [38] d 0 e satdumt for frictio; for that reason, the
values from [38] are compared to the corrected plowing coefficients obtained, the
values agree. Friction forces were not regarde[88)ysince in Vibration Assisted
Machining fiiction forces are mimal. So, plowing forces are corrected by subtracting

the friction forcesn order to have a straight compariseith [38].

Comparison between Predicted forces

— H — Analyiteal values
- | =2 — Predicted Fx values by [38]
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Figure110. Comparison between theawtical malel of this resa&h and the

predicted values dB8].

Chang et al[39] compared conventiongtinding and laseassistedyrinding.
Laser cutting is concluded to be requiring less force tduaventimal grinding.A

Lase is known to decrease material strengthich maks it easier for the material to
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be removegtherefore requiring less force. The values obtained {B8%hagree with

values obtained byurs.
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Figurelll Conventional Grinding vd.aserassisted Grindin§39]

Lastly,the plowing coefficients extracted from this research follow a nonlinear

bilinear fashion at low feds (less than CER) agreeinghwesearch danby Eggleston

[16], Roth and Ismalill7], Hamadeet al.[18] and Stephenson D.4L9]. It is also to be

stated that the extrapolation method woulghtm/ed to be nadcarate since th

method relies on the linear behavior of plowing foredsich was deemed to be

nonlinear through this research.
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CHAPTERV

CONCLUSION

At the end of this research, a model characterizing parasitiedavas cread
defining 2D othogonal, &king into consideration all the parameters affecting the
process from feeds, cutting speeds, rake angle, temperature, andeddtngadius.
Such nodel successfully reduces uncertainties in machining, allowing better ad

clearer underanding of he machining process.

The plowing forces are found to be affected greatly byeabd, increasing with
increasing feed. As for cutting speed, theaeshn 6t been an i nterdepen
plowing forces. Howevethe cutting peed was found taffect thefriction forces acting
on the tool. A relation of the friction coefficient was created, relating the coefficient

with temperature and cutting speed.
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APPENDIX

Measured forces vs Time for Cutting Speed 30 m/min Feed=0.5 m
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Figure112 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed
=0.0005 mm/rev OR Feed rate of mm/min = N. F = 720 * 0.0005 mm/rev = 0.36
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=1 jum
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Figure 113 Typical cutting forces (RPM = 72Qutting speed= 30 m/min, feed =
0.0aomm/rev OR Feed rate of mm/min = N. F = 720 * @.6@m/rev =0.72 mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=1.5 ;zm
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Figure1l14 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed
= 0.0a.5 mm/rev OR Feed rate of mm/minNs F = 720 * 0.005 mm/rev =1.08
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=2 ;:m
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Figurell5 Typical cuttingforces (RPM = 720, Cutting speed= 30 m/min, feed
= 0.0@® mm/rev OR Feed rate of mm/min = N. F =720 * @0@@m/rev =1.44
mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=2.5 ;m
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Figure116 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed
= 0.0@5mm/rev OR [eedrate of mm/min = N. F =720 * 0.@8 mm/rev =1.8
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=3 pm
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Figure117: Typical cutting forces (RPM = 720, Cutting speed=n8tin, feed
= 0.0B mm/rev OR Feed rate of mm/min = N. F =720 * @@@m/rev =2.16
mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=4 j:m
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Figure 118 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed
= 0.085 mm/rev OR Feed rate of mm/min = N. F = 720.808B5 mm/rev =2.52
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=4 ;:m
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Figure 119 Typical cutting forces (RPM = 720,uBting speed= 30 m/min, feed = 040
mm/rev OR Feed rate of mm/min = N. F = 720 * @.@@m/rev =2.88mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=4.5 ;:m
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Figure 120 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed =
0.0045 mm/rev OR Feed rate of mm/minNs F = 720 * 0.085 mm/rev =3.24
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=5 um
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Figurel21 Typical cutting forces (RPM = 720, Gimg speed= 30 m/min, feed
= 0.005 mm/rev OR Feed rate of mm/min = N. F = 720 * 0.005 mm/rev = 3.6 mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=6 ;:m
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Figure 122 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed %60.00
mm/rev OR Feed rate of mm/min = N= 720 * 0.06 mm/rev =4.32mm/min).

Measured forces vs Time f
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Figure 123 Typical cutting forces (RPM = 720, Cutting speed= 30 m/rigad = 0.00
mm/rev OR Feed rate of mm/min = N. F = 720 * 0.06@m/rev =5.04mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=8 pm
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Figure 124 Typical cutting forces (RPM = 720, Cutting speed= 30 m/min, feed =-80.00
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev=5.76 mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=9 um
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Figure 125 Typical cutting forces (RPM = 720, Cutting speed=n8in, feed = 0.09
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =6.48mm/min).
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Measured forces vs Time for Cutting Speed 30 m/min Feed=10 ;:m
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Figurel26: Typical cuting forces (RPM = 720, Cutting speed= 30 m/min, feed
= 0.01 mm/rev OR Feed rate of mm/min = N. F = 720 * 0.04/rav = 7.2 mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=0.5 :m
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Figure 127: Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed =
0.0005 mm/rev OR éedrate of mm/min = N. F = 720 * 0.0005 mm/rev = 0.36
mm/min).
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Measured forces vs Time f

or Cutting Speed 60 m/min Feed=1 pm
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Figure
128 Typical cutting forces (RPM = 720, Cutting spedil=m/min, feed = 0.0D

mm/rev OR Feed rate of mm/min = N. F = 720 * @@&m/rev = 072 mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=1.5 j2m
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Figure 129 Typical cutting forces (RPM = 720, Cuty speed$0 m/min, feed =

0.0015 mm/rev OR Feed rate of mm/min = N. F = 720 * A®ém/rev =1.08
mm/min).
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Figure 130 Typical cutting forces (RPM = 720,uRting speed60 m/min, feed = 0.0D
mm/rev OR Feed rate of mm/minN: F = 720 * 0.0@ mm/rev =1.44mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=2.5 xm
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Figure 131 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed =

0.0@5 mm/rev OR Feed rate of mm/minNs F = 720 * 0.0@5 mm/rev =1.8
mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=3 ;m
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Figure 132 Typical cutting forces (RPM = 720, Cutting spedil-m/min, feed = 0.08)
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =2.16mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=3.5 um
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Figure 133 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed =

0.08B5 mm/rev OR Feed rate of mm/min = N. F = 720 * @Béhm/rev =2.52
mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=4 ;:m
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Figure 134 Typical cutting forces (RPM = 720, Cutting spedil-m/min, feed = 0004
mm/rev OR Feed rate of mm/min = N. F = 720 * @.@@m/rev =2.88mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=4.5 j;:m
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Figure 135 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed =

0.045 mm/rev OR Feed rate of mm/min = N. F = 720 * @Bém/rev =3.24
mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=5 um
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Figure 136 Typical cutting forces (RPM = 720, Cutting spedil-m/min, feed = 0.0®
mm/rev OR Feed rate of mm/min = N. F = 720 * G@@m/rev =3.6 mm/min).

Measured forces vs Time for Cutting Speed 60 m/fmin Feed=6 ;cm
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Figure 137. Typical cutting forces (RPM = 720, Cutting spee@3>m/min, feed = 0.0®
mm/rev OR Feed rate of mm/min = N. F = 720 * @@8m/rev =4.32mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=7 um
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Figure 138 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed = 0.0D
mm/rev OR Feed rate of mm/min = N. F = 720 * 006m/rev =5.04mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=8 ;:m
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Figure 139 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed = 0.08
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =5.76 mm/min).
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Measured forces vs Time for Cutting Speed 60 m/min Feed=9 um
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Figure 140 Typical cutting forces (RPM = 720, Cutting spedf=m/min, feed = 0.09
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =6.48mm/min).

Measured forces vs Time for Cutting Speed 60 m/min Feed=10 ;:m
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Figure 141 Typical cutting force§RPM = 720, Cutting speed60 m/min, feed = 0.0
mm/rev OR Feed rate of mm/min = N. F = 720 *10n@m/rev =7.2 mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=0.5 j:m
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Figure142 Typical cutting forces (RPM = 720, Cutting speed= 90 m/min, feed
= 0.0005 mm/rev OR Feeadte of mm/min = NF= 720 * 0.0005 mm/rev = 0.36
mm/min).

Measured forces vs Time for Cutting Speed 90 m/min Feed=1 um
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Figure 143: Typical cutting forces (RPM = 720, Cutting speéf=m/min, feed = @01
mm/rev OR Feed rate of mm/min = N. F = 720 * @@&m/rev = 072 mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=1.5 xm
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Figure 144 Typical cutting forces (RPM = 720, Cutting speéf=m/min, feed =
0.0015mm/rev OR Feed rate of mm/min = N. F = 720 * A®fhm/rev =1.08
mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=2 ;m
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Figure 145 Typical cutting forces (RPM = 720, Cutting speéf=m/mn, feed = 0002
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =1.44mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=2.5 um
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Figure 146 Typical cutting forces (RPM = 720, Cutting speéf=m/min, feed =
0.0025 mm/rev OR Feed rate of mm/min = N. F = 720 * @B@hm/rev =1.8
mm/min).

Measured forces vs Time for Cutting Speed 90 m/min Feed=3 p:um
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Figure 147: Typical cutting forces (RPM = 720, Cutting sped&f=m/min, feed 0.003
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =2.16 mm/min).

154



Force (M)

60

50

40

20

10

0

1

Measured forces vs Time for Cutting Speed 90 m/min Feed=3.5 um
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Figure 148 Typical cuting forces (RPM = 720, Cutting spee@l>m/min, feed =
0.0035 mm/rev OR Feed rate of mm/min = N. F = 720 * @Béhm/rev =2.52

mm/min).
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Figure 149 Typical cutting forces (RPM = 720, Cutting spedfl=-m/min, feed = @04
mm/rev OR Feed rate of mm/min = N. F = 720 * 040®&m/rev =2.88mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=4.5 1:m
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Figure 150 Typical cutting foces (RPM = 720, Cutting speef& m/min, feed =
0.0045 mm/rev OR Feed rate of mm/min = N. F = 720 * @Bthm/rev =3.24
mm/min).

Measured forces vs Time for Cutting Speed 90 m/min Feed=5 ;:m
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Figure 151 Typical cutting forces (RPM = 720, Cutting speéf=m/min, feed = @05
mm/rev OR Feed rate of mm/min = N. F = 720 * G@@m/rev =3.6 mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=6 :m
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Figure 152 Typical cutting forces (RPM 20, Cutting speed90 m/min, feed .006
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =4.32mm/min).

Measured forces vs Time for Cutting Speed 90 m/min Feed=7 um
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Figure 153 Typical cutting forces (RPM = 720, Cutting speéf=m/min, feed = @07
mm/rev OR Feed rate of mmitm= N. F = 720 * 0.0@8 mm/rev =5.04mm/min).
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Measured forces vs Time for Cutting Speed 90 m/min Feed=8 j:m
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Figure 154 Typical cutting forces (RPM = 720, Cutting sped&f=m/min, feed = @03
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =5.76 mm/min).

Measured forces vs Time for Cutting Speed 30 m/min Feed=9 ;m
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Figure 155 Typical cutting forces (RPM = 720, Cutting sped&f=m/min, feed = @09
mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev =6.48mm/min).

158



Measured forces vs Time for Cutting Speed 90 m/min Feed=10 gxm
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Figure 156 Typical cutting forces (RPM = 720, Cutting speéf=n/min, feed = 1
mm/rev OR Feed rate of mm/min = N. F = 720 * @.@@m/rev =7.2 mm/min).

Measured forces vs Time for Cutting Speed 120 m/min Feed=5 ;:m
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Figure 157 Typical cutting forces (RPM = 720, Cutting spedd®® m/min, feed =
0.0005 mm/rev OR Feed rate of mm/min = N. F = 720 * 0.086%ev =0.36
mm/min).
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Measured forces vs Time for Cutting Speed 120 m/min Feed=1 um
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Figure 158 Typical cutting forces (RPM = 720, Cutting spe2d8m/min, feed =
0.001 mm/rev OR Feed rate of mm/min = N. F = 720 * @@@m/rev = 072 mm/min).

Measured forces vs Time for Cutting Speed 120 m/min Feed=1.5 pum
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Figure 159 Typical cutting forces (RPM = 720, Cutting sped@dm/min, feed =
0.0015mm/rev OR Feed rate of mm/min = N. F = 720 * @®thm/rev =1.08
mm/min).
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Measured forces vs Time for Cutting Speed 120 m/min Feed=2 ;:m
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Figure 160 Typical cutting forces (RPM = 720, Cutting spe2d8m/min, feed =
0.002 mm/rev OR Feed rate of mm/min = N. F = 720 * 020@m/rev =1.44mm/min).

Measured forces vs Time for Cutting Speed 120 m/min Feed=2.5 ;:m
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Figure 161 Typical cutting forces (RPM = 720, Cutting spe2d&m/min, feed =
0.0025 mm/rev OR Feed rate of mm/min = N. F = 720 * @Bbthm/rev =1.8
mm/min).
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Measured forces vs Time for Cutting Speed 120 m/min Feed=3 um
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Figure 162 Typical cutting forces (RPM = 720, Cutting spe2d8m/min, feed =
0.003 mm/rev OR Feed rate of mm/min = N. F = 720 * @0@m/rev =2.16 mm/min).

Measured forces vs Time for Cutting Speed 120 m/min Feed=3.5 um

70 T
Force x measured

o F Force y measured i
Force z measured

50 7

Z40F T

a

=

fa]

W 30r T
201 7
10rF I 1

A Lt | .
[ ! \ \ ) L T
14 15 16 17 18 19 20 21 22 23 24

Time (s)

Figure 163 Typical cutting force§RPM = 720, Cutting speedi20m/min, feed =
0.0035mm/rev OR Feed rate of mm/min = N. F = 720 * @bthm/rev =2.52
mm/min).
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Measured forces vs Time for Cutting Speed 120 m/min Feed=4 ;m
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Figure 164 Typical cutting forces (RPM = 720, Cutting speg&dém/min, feed =
0.004 mm/rev ORFeed rate omm/min = N. F = 720 * 0.00 mm/rev =2.88mm/min).

Figure 165 Typical cutting forces (RPM = 720, Cutting spe&dém/min, feed =
0.0045 mm/rev OR Feed rate of mm/min = N. F = 720 * @®thm/rev =3.24
mm/min).
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