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Abstract: Comparing with other processes, milling and drijjihave additional complexities arising from
variation of the instantaneous geometric variabitemachining and kinematic during operation [1,8).
this study, the instantaneous variations of thekiatic and geometric cutting parameters are detegahi
for a case of end milling with a milling tool wittutting inserts. The exact position of the insarthe
space is determined according to the orientati@rigles of the milling insex;, y, and/s respectively the
lead angle, rake angle and cutting edge inclinatamgle. For each inserts position, the kinematisoo

is determined for two representative points of¢b#ing edge. The first point is on the radiusha# tool
and the second is on the linear part of the cutidge and depends on the depth of cut. The vaniatio
the linear velocity due to the rotation of the tawmid the feed rate, affects the cutting and tharelece
angles and the instantaneous cutting velocityy. The instantaneous feed is also determined by a
numerical method starting from a geometric repréagon of the area scanned by the tool. The
kinematic study is closed by a sensitivity studinstantaneous variation of cutting velocity inrter of
depth of cut gand feed per tooth.f

Key words: Milling, kinematic torsor, instantaneous cuttingegd, instantaneous advance, sensitivity.

1. INTRODUCTION Nomenclature;
R, : Coordinate systems linked to the tool

Several researches have addressed the study of t " R, Ry, Ry Coordinate systems linked to the insert.

position of the cutting edge during milling. Engiaed al P, P P Planes linked to the insert
1] defined mathematically the position of the gt S -
Lc}ge in a coordinate sy)sl,tem I?nked to the cgr:?er of" Cutting edge angle between the ridge plane ofabe t
cutting inserts. Two forms of cutting inserts were S_?gﬁ;h;nvﬂgrgeﬁﬁgfh the cutting fage) @nd the
studied: rectangular and triangular convex. Saiairid] ]r/gference glané’ g
determine the position vector of the cutting edge & : 'cep oo
/ . : . As cutting edge inclination angle between the edgk a

monobloc tool in the case of a circular interpaatand

: . : . the reference plane of the to#).
a linear interpolation. There are not many anadytic O.. P: Tool center and tip of tool
models about the kinematics study during milling ao’ | Relief anale. An IF()eof vari'ation
process. Albert and al [3] determined the actiomsar at f°’ (p'O'Fee d per tgooith dge thofcut.
the tool tip using an experimental approach to liggl FZ’ aE’ : Poin?s on the’toanose radius and on the tinea
the cutting moments and the instantaneous variaifon ;rt Zf the cutting edae
the kinematic parameters. P } g edge. . .

The present work consists to analytically analyme t Pant PZvS“P Lower and upper positions on the linear part
three components of velocities determined in ciffier Of_ the.cut'Fmg ec-jg'e(.:oordinates of point®. andpP
points on the cutting edge taking into account theZp' ’BC/E' :ﬁlr;(le;/pglﬁation equation ll?or a clurve 1.
orientation of the cutting insert. A milling tool it telé gzj T qu df,Pq o be alioned 't.rP
inserts is studied and the cutting edge was dividedo 2, U, G- TIME required 1ok, 1 10 be aligned witi,
parts: an area corresponding to the tool tip radng a  rotation angle, angle variatiofi,-6,). _
linear part where two extreme points have beenerhos h, ht“l: Instantaneous feed, instantaneous feed with
The results help to analyse: rotations; .

i) phenomena that may occur during cutting and o, Vi: Rotation speed, feed velocity. _ ,
i) tool-material interactions due to a large Vx V. VzVeoun Three components of velocity, cutting

instantaneous variation of geometric and kinematicV€!OCity in orthogonal cutting configuration.
g2 (@): Linear function.

parameters.

2. TOOL GEOMETRY DESCRIPTION AND
N ) KINEMATIC PARAMETERS
Corresponding author: I12M - IUT Bordeaux,

15 rue Naudet CS 10207 A description of the geometry of the milling toaich

?ﬁf?ifﬁg@gﬁ%’“_%wex'France' its kinematic are presented in this paragraph. @éve
E-mail addressesvadii.yousfi@u-bordeaux.fW. Yousfi) points on the insert are chosen to determine tigeimce
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Fig. 1. Geometric configuration of the milling tool and 8yu
points on the cutting edge.

of the cutting edge position on the interactionltoo
material. During a milling operation, the geometsicd

kinematic cutting parameters of cutting are chaggin
instantaneously during the tool rotation.
parameters will be presented along this paragraph.

2.1. Global tool geometry

Figure 1 shows the global tool geometry. The insert

coordinate systen®; (P,Z,E,Z) rotates relative to the

initial coordinate systen®, (O, X;, Yy, %) linked to

the tool center. The distance betwé&®andP is equal to
the tool radius. The rotation speed and the feed
velocity V; generate the tool patfihe insert is oriented
in space with three angles yo andAs.

The initial coordinate systen®, (P, X;,Y;,% ) IS
linked to the insert irP andtwo pointsP; and P, are
defined respectively on the nose radius of theirgutt
edge and the linear part. Two extreme points on th
linear part of the cutting edge are chosen to detnate
the influence of the position on the velocities.eTh
position of each point is determined by the funttio
hei(a) which depends on the valuewt [0,1].

2.2. Kinematic parameters of modeling
Figure 2 shows, the variation of velocity composent
(linked to the insert local coordinate system

(P,;;,E/;,Z)) in the plane normal to the tool axis. The

decomposition of the velocity depends on the fesd r
and the rotation velocity of the tool.

ap
sin(k,).cos@\)

hea(@) = a{ )

Veorn iS the cutting speed used in the calculations of

the elementary basic model in orthogonal cuttinge T
rotation and advance movements generate a newmgultti
plane. This latter plane is oriented relative te thitial
coordinate system by, angle which depends on the
decomposition of the cutting velocity.

In the milling process, the absolute value \Qfy
changes from a maximum value for= —180°, wherein
the feed rate is added with the linear velodity, to a
minimum value ford = 0 due to the subtraction of the
same velocity.

For the different geometric parameters cited inl@ab
1, the variation o/, in different points of cutting edge
is represented in Fig. 3.

These

W. Yousfi et al. / Proceedings in Manufacturingt@ys, Vol. 9, Iss. 3, 2014 / 18358

Veorth
/
y / "
-
c,orth
\{
t/l
l —
oFPo | Vy
.
. A Vo
oo 0
R S LN
ammam e e \_ ,4)
Yo P -
v
X1

Fig. 2. Instantaneous variation of velocity upon rotatidéthe
tool in the plane normal to the axis of the tool.
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Fig. 3. Variation ofV,, in terms of.

3. INSTANTANEOUS VELOCITIES

o The speed of each point on the edge of the tool
tepends on the insert orientation and the radiusalf

Ry is an input modeling parameter representing thaka
position of the reference tool point (poiR). This
distance remains constant and all orientationdeftdol

are relative to this poirR.

These coordinates remain constant in any coordinate
system related to the insert. Their position re&ato the
axis of the tool is given by the tool radiBsas presented
in Fig. 1.

In this study, an angular position is considereeraf
each rotation of 45° of the tool. For each chosesitipn,
the components of the instantaneous velocities and
variations of cutting and clearance angles arerohied.

3.1. Kinematic setting

The variation of the cutting edge anglegenerates
the rotation of the coordinate systefa related to the
point P of the insert in the reference tool plane (Fig. 5)
In the coordinate syste®, the distance of each point of
the cutting edge relative to the tool axis depefoddts
radial position.

For the parameters given in tablel, the variatibn o
the difference of velocity d) between the extreme
points P, andP,,,in terms of depth of cut is presented
in Fig. 4.

This variation increase with depth of cut, its wafor
K, =45° passes from 0.07 misto 0.31 m.3. This

difference becomes more important for the lowedlea
angles. The coordinate systeRy is the same a%,and
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Tt X,
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Fig. 6. Variation of the angle, in termsof &,
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'T‘EJ.S(AS).S(K,).Q) -

2 _‘/E].S(vo).C(K,).mJ + [re [

2

{2' Z}C(vo).cos).S(K,)-w —[5{2'
2

2\5 j.C(K,).wJ
2-42
2
2-2
2

S(Y0) CAS).S(K, ).

jC(vO)-SO\s)-S(Kr)-w]

(4)

IR,

Using the same method the velocity components of
each point on the linear part of the cutting edge i
determined:

- (rE + hp2 @ ))cos(Kr).oo

Vg =V, + - (f +ho @) singg)sin, )| - O
0 R
3.3. Cutting angles analysis
In the orthogonal cutting configuration, the

instantaneous variation of the velocities compament

angle). This modelling was proposed to keep theesam9d€enerates the variation of the cutting and clearanc

configuration of the orthogonal cutting shown iig.R2.

The cutting edge inclination anghg is due to the
rotation of the system coordinafg linked to the tool tip
in the planePs.

3.2. Kinematic Torsor
The kinematic torsor is determined in differentrsi
of the cutting edge and for each position of theeih

g)(tool/workpiece)p

)

[VF’DTOOI/workpiece]R1 B e
V (O Otool / workpiece) p

Ry
The kinematic torsor in poimR in the coordinate®, is
obtained by rotations of this torsor fraRpto R,.

I_V PDtooI/workpieceJR4 =

S(As).C(K,).w
-C(k,).w
-CAg)-S(k,).w
C(Ag)-(V¢ C(8) ~ Ro0) + SA5)C(K, ).V, .S(6)
S(K,)-V; .S(6)
S(\s).(Vs .C(8) = Ry.) = C(A5) C(K, ).V, .S(6)

(3)

with C = cos and S = sin.
The velocity vector inP; is determined using the
method of velocities transport:

angles by an angleq(0) during the milling operation.
Upon rotation of the tool between -180 ° to 0 °e th
cutting angle increases, in each position and the
clearance angle decreases with the same value. The
variation of o with depth of cut &) is represented in
Fig. 6.

The @q angle inP; does not depend on the depth of
cut while its value is very sensitive to this paeden in
point P,. For 6 = —270°, this angle goes from 0.28° to
1.05° in point P,s,, The variation of cutting angle
between the two extremes points on the cutting edge
causes a strain between the different elementshef t
chip.

3.4. Kinematic results

For the different geometric parameters cited inl&ab
1, the variation of two components of velocity imet
referencek, is determined.

The normal to the insert carried bi; and the

tangential component carried E{{ are presented as a
function of the anglé (Figs. 7 and 8).

Table 1
Geometric and kinematic parameters
o KO v | A ) a, f, R,
(rad.s7) (mm) | (MM) | (mm)
60 45 6 6 2 0.2 25
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Fig. 8. Instantaneous variation of tM, velocity in ther,
coordinate system.

For 6 € [-180°,0] (tool in contact with work-piece),

V.4 decreases during the combined movement of rotation

and feed of the tool. The total difference betwden
maximum and minimum value of this velocity is eqteal
twice the feed velocity of the tod¥;. On the linear
portion of the cutting edge, the absolute valuetiho$
velocity depends on the position of the point. Ber O
its value changes from 1.51 M.g1 P,y to 1.61 m.g in
P2,sup

The rotation of the insert withs angle generates the
appearance of a new component of velocity carrie

byy, . Its variation for a full rotation of the tool shown
in Fig. 8.

The velocity Vi, is very sensible to the position of
each point in zone 2 of the cutting edge. This @alu
passes from 1 mm'sn P, to 12 mm.3 in pointPyg,,

The cutting edge inclination angle generates an

increase of the velocity carried by. Its average value

rises, inP,g,, from 0.6 mm.s before rotation with to
a mean value 0.156 rit.gfter rotation (Fig. 9).

R e B () L.
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-270 225
6()

Vz P2inf. R4

-315
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Fig.9. Instantaneous variation of the velocity, in the R,
coordinate system.
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3.5. Sensitivity of velocities variation with geomnteic
parameters

For the parameters given in Table 1, the variatibn
cutting velocityV; oin With 6 angle is tested for different
values of feed per tooth (Fig. 10).

Increasing the feed per tooth causes the increading
feed velocityV;. This latter variation o¥; generates the
decreasing of cutting velocity fér = 0 and its increase
for 6 = -180°. The maximum variation of velocity fhr=
0.05 mm tof, = 0.5 mm is equal to 5 mnts This
difference is low and the sensitivity of the vaoat of
the cutting velocity to the feed per tooth is ngidplie.

The variation of cutting velocity; oy in terms of
angle6 is tested for different values of depth of eyt
(Fig. 112).

The variation of cutting velocityV,on is very
sensitive to depth of cut, its average value pdiss®
1.52 m.§ for a,= 0.5 mm to 1.79 nikfor a,= 5 mm.

4. CALCULATION OF INSTANTANEOUS FEED

Several studies are interested by the calculation o
instantaneous feed, the first work of Martelloffi, [3]
considers the trochoidal trajectory of tool. H.Z dti al
[9] have proposed a new approach of calculatingafor
linear trajectory of tool.

The displacement of each point is representedgn Fi
12. To determine the instantaneous feed of cutting,
variation angledy, between two successive rotations must
be determine (in the case of tooth number highan th
this variation is determined between two successive
tooth).
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Fig. 12.Position ofP; (rotationi) relative toP; _; (rotationi—1).

The position of pointP; is determined from the
equality between the linear equatioky; with the
equation ofé&y,. Ag; corresponds to the first rotation and

for an angled,. The second equation corresponds to the |
I

motion of the second rotation and for an artgle

4.1. Method of calculating the instantaneous feed
The equation for the lineAy; in the reference

(oi_l,;(i,l,g/ifl,ii_l) related to the i-1 rotation is given by:
(6)

Yo, = Xp, tan@®) .

-16;

The equation of the curve?, in the reference
(Oi_l, Xi-1, Yi_1, Zi—1) is given by:

The equality between the two equations gives th
relation between, andé,, as follows:

=X Vily ~tan@®,)
Yoo, =% R,.c0s@,) 2

()

Vi t,

Vi (8)
R, £os@,)

tg(6,) —tg(8;) =

Time t, corresponds to the time required for pdmt
to be aligned withP, ;. This time is decomposed in three
terms: time t;, which represent the initial time
corresponding to the positio®_; (in this configuration
this term is equal to zerdy, which corresponds to one
rotation of the tool and the time required for #atimn
angle equal tal,.

_1 dg
t, N (1+ 21'[}' (9)
Table 2
Instantaneous evolution 00, with 0,
0, 0, with 0, with 0, with
0.1 f,=0.2 f,=0.3
-180 -179.78 -179.55 -179.32
-202.5 -202.29 -202.06 -201.86
-225 -224.84 —224.67 -224.52
-247.5 -247.41 -247.33 —247.24
-270 -269.99 -269.99 -269.99
-292.5 -292.59 -292.68 -292.76
-315 -315.17 -315.34 -315.48
-337.5 -337,71 -337.91 -338.14
-360 -360.23 -360.46 -360.69
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Fig. 14.Change of instantaneous feggdepending o for
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The equation (8) is solved numerically to determine
for each rotation angle givefy the anglef,. Table 2
present the instantaneous evolutionfgfin terms of6,
efor three feed per tooth.

The variation ofd, (dy =|e,|-||6,|) in terms of6 is

presented in Fig. 13 for different values of feed fwoth
f, The value ofdy is negative fo® between-180° and
-270° and positive, fod between-270° and-360°.

The instantaneous feedi., for each insert angular
position, is determined from the equations of mot{6
and 7). The general form of the instantaneous ifeed

by, = \/(Xp. - Xp..l)z + (yp‘ Yo, )2 .

After simplification and with limited development
near 0 of coslp) and sind,) the instantaneous feed
becomes:

(10)

ey =+ (Rl ) + (Vi to(d) P — 2R,V t, cOSB,).dg - (11)

4.2. Analysis

For a tool radius of 25 mm and an angular velogofty
60 rad.g, the variation of the instantaneous fdggdwith
0, for different feed per tooth, is shown in Fig. 14

The instantaneous feed increases with the feed per
tooth and its maximum value is equal fg The
instantaneous feed also depends on the inserttatim
The lead angle;, causes the variation of its value after
the rotation and it becomes:

Ay =SiNK, ) Ny, (12)
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5. DISCUSSION

geometry and the standard orientation angles of the

insert.

The second part treated influence of the kinematics
during cutting process on the instantaneous variatif

the kinematic parameters (different components of

velocity) and geometric parameters (instantaneees,f

cutting angles and clearance angle). From thisstasty,
several interpretations are deduced:

e The rotation and advance movements of the tool
generate a new cutting plane with cutting spéeg.

Its value changes from a maximum value for -
180° to a minimum value fdr= 0.

e The instantaneous variation of the velocities
components generates the variation of the cuttimg a
clearance angles during the milling operation.

e The rotation of the insert withs angle generates the
appearance of a new component of velocity carried

byﬂ . This velocityis very sensible to the position

of each point in zone 2 of the cutting edge. Thesse
of velocity V, depends on the sign of angle
* The cutting edge inclination angle generates an

increase of the velocity carried Ey

To determine the results of a 3D model of milling
(cutting forces, tangential forces and cutting motse
an elementary model of cutting must be used. Data f
this model are instantaneous parameters determined
along this study, this last step consist to ertir data in
the elementary model taking into account the imttoa

The instantaneous variations of cutting variables3D when cutting.

affect the kinematic behavior of chip and physics
workpiece material behavior. 3D interactions magusc
in each cutting zone during milling operation. Eatsert
orientation generates variation of one or moreimgitt
parameters. Indeed the rotatian generates a small
change inV, (Fig. 15 which does not affect the
kinematics of cutting. Along edge of insert, thdoegy
component, depends on the position of the considered[2]
point.

After rotation/s, the velocityV,, increases starting by
the tip to the pointP,s,, This increasing generates a
variation of the strain and the strain rate on thép
width and therefore the appearance of areas shearesl
than others. If we consider the case of a rigidybdiis
speed difference causes the rotation of chip. Ensesof [4]
velocity V, depends on the sign of angle. For a
negative cutting edge inclination angle is positive

(carried byz) in P,gp Its sense becomes negative

(1]

(3]

- (5]
(carried by -y, ) for the positive cutting edge inclination
angle (Fig. 16).

This non-uniform velocity distribution on the rake g
face can create, when chips are sliding, significan

torques. The increasing of the absolute value tfcity
carried by z, generates a supplementary sliding of the [7]
chip carried by the cutting edge.

(8]
7. CONCLUSIONS

In this work a kinematic study during the milling [g]
process is presented. The first part of the artighs
devoted to the presentation of modeling data, twe t
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