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Abstract

This paper provides a comprehensive study into cutting forces for (Up and
Down) milling process methods ether through machine cutting tool errors (Run
out and/or Tilting) or not according to vectorial multi-axis rigid cutting force
model where flat end mill cutter with peripheral cutting is used. This paper
instates a contribution to illustrate the nonsmooth characteristic of milling
operation.

Theoretica anaysis of the milling process is conducted in this study by
simulating the mathematical model of the process through a computer program
prepared in FORTRAN language.

The theoretical analysis consists of empirica parameters which are
estimated according to measured force data for materia cutter and range of cutting
conditions taken from references concerned with numerica simulation of milling
process.

Keywords: Milling Forces, Flute engagement, Simulated cutting forces.
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tool rotation. Thefinished surface,
accordingly, consists of a series of
edemental surfaces generated by the
individua cutting edges of the cutter,
[1-1994s]. Due to the general motion
of the cutter relaive to the workpiece,
the uncut (undef ormed) chip

1. Introduction

Milling is a multiple point,
interrupted cutting operation. Because
of themultipleteeth, the engagement
time of eachindividual tooth is a
fraction of thetotal time of one single
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thickness is not constant but, for
downmilling it starts with a finite
thickness and decreasesto zero while
for up milling it starts with zero
thickness and increasesto finite
thickness, asillustrate in Fig. (1).
The very early research in milling
mechanics deat with the chip
formation mechanism and spindle
power estimation. Martelloti's work
on the geometry of the milling
processestablished the definition of
the tool path andinstantaneous chip
thickness[2-19415] &  [3-1945g).
Martelloti showed that the true path
of a milling cutter tooth istrochoidal,
but it can be approximated as circular
if the radius of the cutter is much
larger than the feed per tooth, see
Fig. (2).
For this case the chip thickness is
given by:
t.=S.Sn(b)
Where, S and b are the feed per
tooth and tooth engagement angle
respectively.
The term mechanistic force model,
which  was adopted by many
researchers in theanalysis of the
milling process, is usualy referred to
as an approach for the millingforce
caculation in which the cutting force
is related to the undeformed chip
thicknessthrough coefficients based
on the assumptions [4-1980s]:
1- The tangentia cutting force is
proportional to the chip load,

F=K.C.L
2- The radiad cutting force is
proportiona to the tangentia cutting
force,
F =K,.C. =(K, .K).C

=K, .F,
where (Kt &KP &Kr) are empirica
cutting constants; Kt is the specific
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cutting pressure or tangential cutting
pressure constant, KP is the thrust or
radial pressure constant, Kr is ratio of
radial to tangential cutting force; CL
instantaneous chip load , which
represents the multiplication of axial
depth of cut Ad by instantaneous chip
thickness tc, i.e.

Co=t. A, e

In general, cutting force modds
developed for the milling process
consist of the following two
fundamental assumptions:

1- The kinematics of milling can be
modeledby decoupling the motions
of spindleand table. As a result, the
cutting edge path can be assumed
circular, and equation(1) can be used
for the chip thickness.

2- The mechanics of machining of
any complex process can be modeled
by anaggregation of oblique cuts, if
the cutting edge is divided into
infinitesimal eements. The
gpplication of this assumption is to
discretize the tool into thin dlices,
caculatethe cutting force applied to
each dlice of thediscretized tool using
equations (2) & (3) and then sum up
the differential cutting forces for al
the slices and teeth engaged along
each coordinate direction. To gain
higher speed in calculation of cutting
forces someresearchers have
explicitly integrated the expressions
of cutting force for flat end mills [5
1989s] & [6-19915].

2- Model Work

2-1- Rigid Cutting Force M odd

The model studied here is used for
rigid down and up end milling with
right hand helix cutting tool and the
basic modeling depends on describing
the cutting tool according to its
Geometrica Variables [7-2000s]:
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1- Cutting tool with teeth noted by

(K), where (Nf) is the total number
of teeth. The space angle between
each successive two teeth (i.e. cutter
pitch angle) noted by (@), is calculated
by:
2.0).
g _(20)p
Nf
2- Cutting tool with dlides elements
as discs is noted by (1) just dong the
axial engagement part of the cutting
tool with the workpiece, i.e. Axid

Depth of Cut (P4, (N2) is the tota
number of the dlides, these axid
dides are equa in axia thickness
(DZ)Where:
D, = A

N

To specify the center height [Z(1)]
of each dide with respect to the free
end of the cutting tool; the following
is adopted:

Z(1)=(1 - 1.0).D, +

D

z

(2.0)
3- Angular increment of cutting tool
rotation is noted by (J), where (N, )
is the totd angular increments, which

equal one revolution (3600) taken
with respect to the free end of the
cutting tool at the arbitrary firs
chosen tooth. So the instantaneous

angular position [q (J)] is according
to:

J
q(J)=(0).p.—
Nq

The helix angle (ah) causes change
in the magnitude of Engagement

Angle (b) a the center of each dlide
from its side in the direction of the
free end of the cutting tool. The
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change in the angle is calculated from

the resling angle (2¢), which
represents angle measured back as the
engagement progresses up the helix.

The resiling angle (2 ¢) is calculated
according to:

a, (1) =z(1). @)

Rad,

Therefore, engagement angle (b)
according to the influence of
magnitude of (K & | & J) with
respect to the free end yields:
b(J,1,K)=-qJ)+g(K-1.0)+

aq(l)

So the instantaneous chip thickness
is calculated according to:

t.(J,1,K)=Ssinb(J,1,K) ...(11)

And instantaneous chip load is
calculated according to:
Cl(J3,1,K)=D,.t.(3,1,K) ... (12

And the instantaneous tangential and
radial cutting forces are calculated
according to:

dF,(J,1,K)=K,.C_(J,1,K) ..(13)
dF.(J,1,K) =K, dF.(J,1,K) ...(14)

The forces above are introduced in
the rotation coordinates (tangential &
rotational). So transfer matrix [D] is

used to introduce them in the
Cartesian coordinates, which is
dependent on the feeding method
CICRI S e cosbu ¢
&cosb sinb g -{,/"..(15)
[D@.1.K)] =§:- sinb - coshu i
T gcosb - sinb H b
Where the center of Cartesian

coordinates at the origin in the center
of the cutter, the X-axis is in the
opposite direction of the feed, the Z-
axis is norma to the workpiece
surface up in the direction of the
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cutter axis and Y-axis is found from
the right hand rule. See Fig. (3).
Therefore, the forces obey to:

}dFX(J,I,K)[,]:[D(J 1K)
TOROLIE T
1dF.(J,1,K)ii

{dE(J,I,K)% ...1§
The formula above use to calculate
the forces applied on one tooth only.
Since there are number of teeth,
therefore, there are chance to be more
than one tooth in engagement with
the workpiece a same time
Therefore, the forces applied on any
dlides of the tool at any moment (any
rotation angle of the tool) are the sum
of al force components applied on
each tooth in the engagement with the
workpiece, see Fig. (4). and then the
formula became:
iDR(J.Du_ g
%DFV(JJ)E—EIS(J,I,K).[D(J,I,K)] .
idF (3,1,K)i
{dR(3.1.K)D

Whered (3: 1. K) s tooth engagement
factor so:

d@,1,.K) =j .
100 othewise

To estimate the total forces act on all

dlides of the toal in direction (X & Y)

at specified position then:

iF,Q)a_ & iDF .

iR Op &40F,0.0p

The average forces predicted in

directions (X & Y) for dl the angular

positions become:

TFxpﬂ (10) gq i Fx (‘J)u

1 v=——"a i Ve 20

LN, SaR ) (20
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110 if a,, £b(,1,K) £a,,0 0

2-2- Nonlinearities Cutting Force
Dynamics:-

Often al force models adopt linear
force model while cutting process
includes essentially  nonlinearities
such as machine cutting tool errors
(Run out & Tilting) which are
produced from defect between tool
holder mechanism and machine
spindle, these errors are not easy to be
measured and affect the cutting
processes [8-1996g].

2-2-1- Run out

In the previous rigid cutting force
model there are no machine cutting
tool errors, the three direction
representations of milling tool display
that the cutting forces estimation
depends on ingantaneous chip

thickness  (1('1K)y  calculated
from Eq. (11). But if there are run out
effect, then this equation should be
modified to include the changeable
radius of milling cutting teeth with
respect to the rotating axis, where the
offset teeth toward holder rotating
axis have effective radius greater than
the teeth on the opposite side of the
milling cutting tool. For the helix tool

(ahl O'O), the run out does not

conjugate with specific tooth but with
specific side named by the height side
of the tool. While for tool with
(a,=0.0), the run out conjugates

with specific tooth. The run out could
be divided to [9-19839]:

1- Radid Run out (RM) which
represents the axial offset of the tool
axis with respect to the rotating axis.
Its magnitude is constant along tool
axiswhen there is no tilting effect.

2- Angular Run out (a Rn)  which
represents the angle measured at the
free end of the tool between the radia
run out direction and the nearest tooth
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to the radia run out direction. This
tooth will be considered the first tooth
to enter the engagement, see Fig. (5).
Estimation of the effective radius

for specific tooth with specific
magnitude for radial run out and
angular run out is also dependent on
feeding method; therefore the
formulas used are [7-2000s]:

IR +(20).Rn.Rad,. U U
Rad(l,K) gy = CoSfa,(1)+9(K - 10)- a g ]y |

;:'+Radnzo

I

I.

I .I.

"02 y (2D

I

.'

!

!

1 Ri?° +(2.0).RnRad,. o
Rad(l,K),, :icos[ad(l)-g(K-l.O)-am]i'/
1+ Rad,? b b

Which declare that any tooth radius
does not depend on the rotation angle
of the tool. Then the formula can be
derived for estimation of the
instantaneous chip thickness
including tool run out as difference
between radius of the engagement
tooth and the previous one as given
bel ow:
DRad(l, K) = Rad(I,K) -

Rad(l,K - 1.0) .. (22)

t.(J,1,K)=S.sinb(J,I,K) +
DRad(l,K) . (23)
The above equations are derived
when the radial run out (Rn) is small
compared with the feed(S), either the
high side of the tool only does cut,
the change in radius from tooth to
another produce by run out might be

negative and greater than S-SND
therefore there is no cutting .but
realy the tooth cutting the workpiece
leaves tooth or more pass without
cutting that part.

The modding of run out affects the
force system for any run out by
considering chosen tooth (K) ,chosen
disc Q) and satisfying

d(3,1,K)=10 " then correcting
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instantaneous chip thickness for all
teeth at that element (disc), and
finding the tooth that has greater
radius, next estimate the
instantaneous chip thickness for the
following tooth according to the
formula below :
t.(1,J,K)=S.sinb(l,J,K)+
DRad(I,K)+M(K) ... (24)

Fixing magnitude M (K) =0.0 & gt
tooth, if chip thickness is negative,
equal to zero but its magnitude is
preserved  for next  tooth in
(M(K+1.0)=0.0y anq it is repeated
for al teeth. After correcting
instantaneous chip thickness for all
teeth of that element take the
instantaneous chip thickness for
specific tooth first which originally
specified its J & | & K) in
d(J3,1,K)  as M(K) js a negative
constant also if (K =1.0) then:

Rad(l,K - 1.0) = Rad(I,N;) ... (25)

2-2-2- Tilting
If Tilting effect exists then the
instantaneous  chip  thickness is

calculated from equation (11) dso its
effect is like run out effect. Therefore,
you must correct the instantaneous
chip thickness to include changing
effect in radius of milling cutting tool
conjugated along axia depth of cut
with respect to rotating axis.
Therefore, the tilting teeth toward the
holder at the free end has effective
radius greater than the teeth on the
opposite side of the tool and also
greater effective radius than the teeth
on the same side of the tool but at the
eements are far away from the free
end of the tool.

Tilting is defined by [10-19869]:

1- Axial Tilting (T'); which
represents tilting angle of the tool
axis with respect to the rotating angle.
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2- Angular Tilting (aTi); which
represents angle like angle of angular
run out where it is measured from the
free end of the tool between the axia
tilting direction and the nearest tooth
to the axia tilting direction. This
tooth will be considered as the first
tooth to enter the engagement, see
Fig. (6).

Estimation of the effective radius for
specific tooth at specific element with
specific magnitude for axia tilting
and angular tilting is according to the
following formula [7-2000s]:

L= z(y).sin(Tip]*° + i

_1(20).(L- Z(1)).dn(Ti). Rad, |

Rad(l K) g _-:: Cosla, (1) +g(K - 1.0) +aT‘]%/

I+ Rad, 2° b
- zoy.snmpe + 0
Rad(1.K),, :}'(é.O).(L- Z(I)).sn(Tl).Rado.g
T Os[ad(l)- g(K - 1-0)+an]'|'

I+ Rad,? b

Here instantaneous chip thickness

will be corrected in the same way as

that used in run out effect case.

O g = — =

2-3- ldentification of Cutting
Parameters  [Specific  Cutting
Pressure (Kt ) and Tool Geometric
Constant (Kr )]:-

The paameters Kt and Kr are
obtained from a daabase of
machining conditions and then
empirica models are developed from
these data to predict Kt and Kr for
any set of machining conditions
within the data base. Numerous
investigators have directed attention
toward the determination of specific
cutting pressure, Kt, and developed a
number of different models. Since Kt
and Kr are to be modeled as function
of chip thickness tc, they really will
be functions of amost al cutting
conditions.

(26)

In  milling processes, the chip
thickness continuously changes along
the tooth path.

However, using an instantaneously
changing Kt(®) for evauating
instantaneously  forces is  not
practical. Martellotti [2-19415] & [3-
19455] and Koenigsberger and
sabberwad [11-1960s] & [12-19619)

found that average chip thickness also
has a definite relationship.

An approach has been used where the
parameters of the force model, Kt and
Kr, may be estimated from measured
average X and Y forces. For a
particular cut geometry (axia depth,
radial depth and feed rate), the values
for Kt and Kr may be obtained by
expressing the average forces Fxp
and Fyp in terms of X and Y forces
and then summing over the angular
position 6(J) for J=1,2,....,N8 where
N6 is the number of angular
increments as given in Eq. (20).

Both Fx(J and Fy(J can be
expressed solely as function of Kt,
Kr, S, Dz and B from equations
(5—20). Therefore, average X and Y
forces (for down milling, as example)
are given by:

1K, K,D,S. U

L Sin[b(1,3,K)]. ¢

z

f

0Z
oz

1 °
Fo=--ada iCoslb (1,3,K)] y ..(27)
q Ja1= K:ll:.+ K,D,S. :
fsin’[b(1,3,K)Tp
iK K,D,S. @
Foo :N__a ai+kD,s. y --(28)
a H':”:1.:.3'n[b(|,J,K)]..:.
fCos[b(I,J,K)]'b
For @et ED(J.1.K)Ea

Having found the average measured
forces Fxp and Fyp, equations (27 &
28) may be solved for Kt & Kr for
each cutting condition. Regression
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analysis by the Least Sequares
Method which has been applied to Kt,
Kr and T, for the average chip load.
The resulting mathematical equations
are asfollows:

Ko =1.(T) "
K, =I,.(T)"
where At, Aa, Ar and Ab are positive

constants.

The entire mechanistic force
modeling procedure is represented
graphicaly in Fig. (7).The spirit of
this approach is, given empirical data
on average forces from dtaticaly
designed experiments for rectangular
cut cross-sections, the mechanistic
force model can be employed to study
the force system in more detail. The
model may be wused to study
instantaneous force  distributions,
cutter deflection characteristics, the
effects of the force system on cutter
breakage and/or surface roughness
and surface accuracy considerations.

o

3- Reaults & Discussions:-

3-1- Verification of Cutting
Parametersand Force Model: -

The model building approach has
been verified through the comparison
of:-

1- The predicted parameters Kt and
Kr, Table (1).

2- Measured and predicted average
and instantaneous forces, Table (2).
Which are obtained from the
Machining Data base for (7075-T6
Aluminum) workpiece[9-1983s]. The
experiments were performed with
four flute high speed steel end mills,
Helix (30 deg.), Flute length (44.45
mm), diameter  (19.05 mm).
Instantaneous X and Y force signas
were measured and recorded using a
strain ring platform dynamometer and
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a microprocessor controlled data
acquisition system. The sampling rate
was(680 samples/sec). A set screw-
type tool holder was used. The run
out offset was measured to be (0.0254
mm) for the end mill used in the tests,
the locating angle was measured to be
(15 deg.). Cutting speed (509.295
rev/min). Cutter tilt was negligible
and no coolant was used.

The percentage differences between
measured and predicted average
forces range from  (5-10%)

indicating that the modd building
goproach and Kt and Kr modds
provide a reasonably accurate method
for the prediction of average forces
[14-19829).

3-2- Geometrical
Variables:-

The geometricdl modeling of the
cutter is characterized by the
variables N0, Nz, Nf, L, ah and Rado.

In this study case N6=360, and

Nz=10 ae adopted to get good
demonstration of the model and it is
enough to have precision. Since it is
considered as a rigid force model then
there is no flexibility for the tool and
does not affect the machining forces.
L=72mm is fixed. The entry angle
(aent) for down milling or exit angle
(aexit) for up milling is considered
(78.460) which is calculated from [2-

19419):-

a

Modeling

ent-down — “exit-up

In figures (8® 14), the sections a&b

shows cutting forces for each dlice
with angular location for Y&X
directions respectively, While
sections ¢ shows cutting forces in
(X&Y) directions for the cutting tool
(dl axia dices Nz) with angular
location.
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3-2-1-
Variables
**  Two-Tooth Straightforward End
Mill:

According to equation (5), cutter
pitch angle (Y) is (180°. And
according to dtraightforward, the
engagement of any tooth is at the
same time for al dices of the cutting
tool along its axia depth of cut, Fig.
(8 1&2).

*Down milling;

Cutting force acts aways in the
positive Y direction, therefore the
force reaction acting on the
workpiece gives hard mounting for
workpiece. While cutting force in the
X-direction (feed direction) is less in
magnitude than its vaue in Y-
direction, and it is reversed in
direction sign. It can be in positive or
negative direction only or at first in
negative direction, which reverses to
positive direction, according to radial
depth of cut Rd. If this reversion
coincides in direction with sudden
vibration, this may allow the tool to
climb the workpiece causing tool
breakage. For that reason, down
milling is caled climbing milling,
Fig. (8 c-1).

*Up milling; Cutting force acts in the
Y -direction reversed in direction sign.
It can be in positive or negative
direction only or at first in podtive
direction, which reverses to negative
direction, according to radia depth of
cut Rd. This reversion will influence
surface finish of the workpiece.
While cutting force in the X-direction
(feed direction) is less in magnitude
than its vdue in Y-direction but
greater than that in down milling, and
it acts dways in the negative X-
direction, therefore its reaction on the
workpiece tries to lift the workpiece,
and thus named Up milling. So this

Cutter Geometrical
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milling needs enough fixing of the
workpiece to withstand the reaction,
Fig. (8 c-2).
**  Four-Tooth Straightforward End
Mill

According to equation (5), cutter
pitch angle (g) is (900). Here we see
same cutting performance for 2-tooth
straightforward end mill but with
reducing cutting absence period,
since the caculated cutting forces
depend on the instantaneous chip
thickness, which is caculated from
the feed per tooth. Fig. (8- 3&4).
3-2-2- Helix Angle Effect

Increasing teeth number leads to
have continuous cutting process
depending on design finite
possibilities, which are concerned
with end mill diameter. Therefore,
helix comes as the possible solution
besides it helps to take away the chip
from the cutting region. Heix
changes sequence of enter
engagement for tooth dlices along end
mill axis because of the resiling angle
(ad) calculated from Eg. (9) which
affects Engagement Angle b)
according to EQ. (10). This makes
dlices seriatim enter and exit the
engagement hence, reducing cutting
absence period and cutting force
peak.
** Two-Tooth Right Helix End Mill:
*Down milling;  Here cutting starts
with tooth number one, instead of two
in straightforward end mill, but with
the above dlices, eement one (1=1)
doesn't cut. However, the other dices
are under cut in different amount of
chip thickness according to the
angular location and the Engagement
Angle (b(J, 1, K)), so different cutting
forces are generated. These dices of
tooth number one exit sequentially
from the engagement, as the cutter
rotates. Then a period of cutting
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absence engagement occurs before
cutting begins again with enter tooth
number two at the diice number one
(I=1), i.e. a the free end of the end
mill after the tool rotates (101.5370)
which is considered as a complement
angle to the entry angle. Then the
process isrepeated, Fig. (9- a&b 1).
*Up milling; As tool starts rotating,
cutting process begins with tooth
number one in different amount of
chip thickness according to the
angular location and the Engagement
Angle (b(J, 1, K)), so different cutting
forces are also generated. These slices
of tooth number one leave the
engagement sequentially after the tool
rotates (78.460) which is the exit
angle. Then a period of cutting
absence engagement occurs before
cutting begins again with enter tooth
number two at the slice number ten
(I1=10). Then the process is repeated,
Fig. (9- a&b 2).

** Four-Tooth Right Helix End Mill:
Under the same conditions applied in
the above cited, Fig. (9- 3&4) shows
hidden cutting absence period to have
continuous swinging cutting. Now it
is difficult to recognize cutting tooth
region because of the overlapping of
the engaged teeth with the workpi ece.
3-3- Run Out Effect

**  Two-Tooth Straightforward End
Mill:

For straightforward end mill, run out
conjugates with specific tooth which
suffers from cutting forces more than
others, Fig. (10- 1&2).

*Down milling; Fig. (10- a&bé&cl),
Since entry angle is (78.46") tooth
number two enters engagement at the
complementary angle (101.537) and
since this tooth is displacing from the
workpiece therefore this tooth will
meet  smaler chip  thickness
consequently smaller cutting forces
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aso this tooth exit the engagement
early compared with run out absence.
See Fig. (8 a&b 1). As cutting
continues with tooth number one
enters  engagement at angle
(281.537°), this tooth will meet bigger
chip thickness consequently higher
cutting forces but this tooth exits the
engagement at angle (360). i.e, the
engagement does not exceed the
angle (78.46°) as in tooth number one
but it could be less than (78.46°) asin
tooth number two.

*Up milling; Fig. (10- a&b&c 1),As
cutting darts, tooth number one
enters engagement directly and since
this tooth is brought near the
workpiece, therefore this tooth will
meet bigger chip  thickness
consequently higher cutting forces
compared with run out absence case,
see Fig. (8 a&b 2). Then this tooth
exits engagement a exit angle
(78.460). As cutting continues, tooth
number two enter engagement
behindhand and meets smaler chip
thickness  consequently smaller
cutting forces since this tooth is
displacing from the workpiece.

** Two-Tooth Right Helix End Mill:

For helix end mill, runout conjugates
with the height side of the end mill
which suffers from cutting forces
more than others.

By comparing Fig. (10) for
straightforward end mill with Fig.
(12) for helix end mill, one notices a
wide spread cutting region is
available but with a reduction in the
magnitude of the peak cutting force
as expected from section (3-2-2).
Increasing end mill's number of teeth
changes distribution of cutting chip
thickness. Fig. (11- 3&4) shows
cutting forces behavior for 4-tooth
helix end mill when run out exists. It
is the mogt confusing situation since
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al the elements dong axial depth of
cut engage a any location with
different chip thickness due to helix
and run out effects.

Radiad runout effect on ratio of
(maximum per average) resultant
cutting force. It can be observed that
radia runout increasing increases this
ratio. In addition as the cutting is
interrupted end cutting this ratio is
increased, Fig. (12).

3-4- Tilting Effect:-

**  Two-Tooth Straightforward End
Mill:

Tilting focuses the forces on end side
of the axid depth of cut for specific
tooth when straightforward end mill
is used more than others end side and
teeth, Fig. (13- 1&2).

*Down milling; Fig. (13- a&bé&cl),
Since entry angle is (78.460) tooth
number two enter engagement at the
complementary angle of (101.5370)
and since this tooth is tilted far away
from the workpiece this tooth will
meet  smaller chip  thickness,
compared with tilting absence, Fig.
(9 a&b 1), and different chip
thicknesses as axial elements
(I=1—10) are far from the free end of
the end mill, compared with run out
existence, Fig. (10- a&b 1).
Therefore, this tooth will suffer
different and smaller cutting forces
along its axis. In addition, this tooth
exits the engagement ealy. As
cutting continues tooth number one
enters engagement a angle of
(281.537°), this tooth will meet
different and bigger chip thickness as
axia elements (I=1-10) close to the
free end of the end mill consequently
different and higher cutting forces are
expected since this tooth is tilted
toward the workpiece. This tooth
exits the engagement at angle of
(3600). i.e., the engagement does not
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exceed the angle (78.46) as in tooth
number one but it could be less than
(78.46°) as in tooth number two.

*Up milling; Fig. (13- a&b&c2), As
cutting darts, tooth number one
enters engagement directly and since
this tooth is tilted toward the
workpiece, this tooth will meet
different and bigger chip thicknesses
as axia dements (1=1—10) close to
the free end of the end mill
consequently  different and higher
cutting forces in comparison with
tilting absence are expected, Fig. (8
a&b 2), or run out existence. Fig. (10-
a&b 2). Then this tooth exits
engagement at exit angle of (78.46).
As cutting continues, tooth number
two enters engagement behindhand
and meets different and smaller chip
thicknesses as axial elements
(I=1—10) far of the free end of the
end mill consequently different and
smaler cutting forces are expected
since this tooth is tilted away from
the workpiece.

** Two-Tooth Right Helix End Mill:
For helix end mill, Tilting focuses the
forces on the end side of the axid
depth of cut for the height side of the
end mill more than others.

By comparing Fig. (13) for
straightforward end mill with Fig.
(14) for helix end mill, a wide spread
cutting region is available but with a
reduction in the magnitude of the
peak cutting force as expected from
section (3-2-2).

Fig. (15) shows Axia Tilting effect
on ratio of (maximum per average)
resultant cutting force. It can be
noticed that axia tilting increasing
increases this ratio and the tool
overhang length reducing reduces this
ratio. In addition as the cutting
interrupts end cutting this ratio is
increased.
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4- Conclusions
1- Increasing teeth number to avoids
impact problems and continuous
cutting is achieved which reduces
cutting absence period and increases
tooth passing frequency.
2- Using helix end mill which reduces
cutting absence period and peak
cutting force.
3 In general, cutting force
component in Y-direction (norma to
the machined surface) is higher in
magnitude than that in X-direction
(feed Direction) for down milling
method. On the other hand, the
reversal case is for up milling
method.
4- Elimination or reduction of
machine cutting tool error parameters
reduces appearance chance of
interrupted cutting and replaces tooth
passing frequency by force signd
frequency.

5 Runout parameter focuses forces

on one side of cutter more than the

others while tilting parameter focuses
forces on one free end side of cutter
more than the others.
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Table (1) Actual X and Y Forcesand K and K, valuesfor 7075-T6 Aluminum.
Measured Average [ Cutting Constants Cutting Congtants
Teq | Re Aq S For ces [9-1983 5] [9-1983 5] [13-2008s]
mm mm mm/tooth
LFeN)  Fo(N) | Ke(Nfmm?) K, | K (N/mm?) K,
1 5334  33.02 0.0762 320.27 769.5386 866.2756 0.4797 871.5542 0.4791
2 5334 33.02 0.221 960.7076  1854.8994 778.63428 0.3764 783.2678 0.3758
3 2286 33.02 0.0762 244.651 355.856 1002.441 0.5492 1010.4169 0.5461
4 2286 33.02 0.221 7517458 8318134 954.73 0.3875 961.8759 0.3847
5 381 254 0.132 378.097 720.6084 866.896 0.5181 867.8685 0.5179
6 2286 17.78 0.0762 142.3424 1957208 1057.0066 0.5141 1053.2852 0.5124
7 2286 17.78 0.221 355.856 409.2344 849.937 0.4087 846.9592 0.407
8 5334 17.78 0.0762 151.2388  507.0948 965.123 0.6158 966.8001 0.6163
9 5334 17.78 0.221 502.6466  1094.2572 815.241 0.4361 816.6544 0.4365
10 381 381 0.132 6405408  1152.0838 945.744 0.4874 964.9846 0.4814
11 381 254 0132 4492682  871.8472 1040.785 0.5281 1041.9573 0.5273
12 381 254 0.132 4359236 742.8494 939.089 0.4599 940.1003 0.4591
13 381 254 0132 4314754 733.953 928599 0.4589 929.6022 0.4582
14 381 254 0.254 836.2616  1330.0118 902.854 0.4233 903.2593 0.4225
15 381 254 0.0226 80.0676 22241 1358.73 0.7081 1353.8529 0.7072
16 6.35 254 0.132 427.0272  1392.2866 951.97 0.5127 950.2993 0.5099
17 127 254 0.132 244.651 271.3402 1145.2 0.5361 1142.53% 0.5341
18 381 127 0132 191.2726 378.097 8919 0.5349 895.5447 0.5362
Empirical Formula [13-2008s] | K =563.982916* (T) 017670%3 K ;=0.256961212* (T ) 01659215
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Table (2) Actual and Predicted X and Y Forcesfor 7075-T6 Aluminum

Measured Average | Predicted Average | Predicted Average Defer ence Deference

Forceg9-1983s | Forces[9-19835 | Forces[13-2008g] percentage || percentage
Test [9-1983 5] [13-2008s]
LEa®N)  FoN) L FeN)  FoN) | FoN)  FoN) 11X Y@I[IX @) Y]

1 320.27 769.5386 3425114 934.122 291.0544 712.4677 6.9 21.38 9.1 7.4
2 969.7076 1854.8994 | 983.0522 2001.69 916.0756 1813.407 1.37 7.91 5.53 2.23
3 244.651 355.856 240.2028 364.7524 240.792 348.824 181 2.5 1577 1.976
4 751.7458 831.8134 671.6782 827.3652 735.372 819.377 10.65 0.53 2.178 1.495
5 378.097 720.6084 427.0272 756.194 410.137 784.836 12.94 4.93 8.474 8.91
6 142.3424 195.7208 137.8942 2135136 134.0563 181.1782 3.12 9.09 5.82 7.43
7 355.856 409.2344 360.3042 444.82 360.7411 421.4719 125 8.69 1.37 2.99
8 151.2388 507.0948 186.8244 511.543 155.223 501.501 23.52 0.87 2.635 1.103
9 502.6466 1094.2572 529.3358 1080.912 547.8486 1044.044 5.3 121 8.99 4.58
10 640.5408 1152.0838 644.989 1147.635 629.73 1128.35 0.69 0.386 1.687 2.06
11 449.2682 871.8472 427.0272 756.194 410.137 784.836 49 13.265 8.71 9.98
12 435.9236 742.8494 427.0272 756.194 410.137 784.836 2.04 1.79 5.915 5.652
13 431.4754 733.953 427.0272 756.194 410.137 784.836 1.03 3.03 4.94 6.93
14 836.2616 1330.0118 773.9868 1192.117 753.1909 1309.036 7.44 10.3 9.93 1577
15 80.0676 22241 75.6194 186.8244 75.25813 215.208 5.55 16 6 3.238
16 427.0272 1392.2866 | 453.7164 1263.288 441.3675 1367.308 6.25 9.26 3.35 1.7%4
17 244.651 271.3402 22241 249.0992 239.28 264.1388 9.09 8.19 2.195 2.654
18 191.2726 378.097 2135136 378.097 193.567 350.3904 11.62 0 1.2 7.32

Force (N)
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Figure (13) Dynamic Cutting Force with Tilting effect &
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Figure (14) Dynamic Cutting Force with Tilting effect &
( Rad0=9.525 mm, Rd=7.62 mm, Ad=17.78 mm, S=0.221 mm/T ooth, ah=300, Ti=0.0750, a.Ti=00)
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Figure (12) Radial Run out effect on (resultant maximum per average)
Forcefor 4-tooth Straightforward end mill with (Rado=9.525 mm, aRn=00).
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Figure (15) Axial Tilting effect on (resultant maximum per average) Force
for 4-tooth Straightforward end mill with (Rado=9.525 mm, a1;=00).
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