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Abstract: Geometry of end mill cutters plays a vital role in the stability of the flexible parts milling. The present
study considers helix angle and number of flutes. Multi-frequency solution is established to draw stability Lobe dia-
gram (SLD) for different helix angles and number of flutes. SLD for the two cases shows that the greater the value
of helix angle, the more stable the milling process will be, and conversely increasing the number of flutes degrades
the stability of flexible parts milling. A simple empirical methodology is adopted to employ the inclined plane

workpiece geometry offering a gradual increase of the axial depth of cut in the feed direction. Surface roughness is
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used as a measure of stability. Test results corroborate the model conclusions very well.

Key words: helix angle; flute; end mill cutter; flexible parts milling; stability

CLC number; TH161 Document code; A

0 Introduction

High efficiency products in modern indus-
tries like aerospace, aircraft and automobile guar-
antee the needed components with thin sections,
which can greatly reduce structural stiffness.
However, the machining of these thin sectioned
parts presents a very difficult condition to keep
stability., With HSM the metal removal rate in-
creased dramatically through a combination of
large axial depths of cut and high spindle speeds.
One limitation on the allowable axial depth is re-
generative chatter. Chatter is the most obscuring
phenomenon and considerable research has been
documented regarding the prediction, control and
elimination of chatter.

Many out-of-process and in-process tech-
niques have been established to suppress, control
and predict chatter. SLD stands at the border be-
tween a stable cut (i. e. no chatter) and an unsta-
ble cut (i. e. with chatter) in terms of the axial
depth-of cut as a function of the spindle speed.
Research in the area of chatter dates back to as

early as 1906 when Taylor stated that chatter is
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the "most obscure and delicate of all problems fa-

cing the machinist”™. Other pioneering works in

the field of chatter vibration are nominated to
Tlusty et al. ", Merritt®), Sridhar et al. ™. A
study shows that presently Altintas, Budak and
Tlusty are the key stakeholders in the business of
chatter™,

Remarkable contribution in the research of
workpiece vibrations in thin walled parts have

been made by Budak'®™, Seguy et al.'®, Thev-

t[9] l. [10] [11]

enot”, Song et a , Tang and Liu-'"", Davies

and Balachandran'?, and Adetoro et al. '"*'. The

influence of mill helix angle on stability was first

1, 4]

considered by Zatarain et a . Later Zatarain et

al. ™! analyzed the concept of directional factors
for chatter stability in milling including the effect
of the helix angle. Shirase and Altintas''®,
Budak!"™™), Sims et al.t',

Yusoff et al. " demonstrated in their work that

Turner et al, 2%,

with variable pitch and variable helix milling tools
the stability of the milling improved by disrupting
the regenerative effect.

In the study addressed here the milling sta-
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bility of flexible workpiece has been investigated
under the influence of helix angle and number of
flutes of end mill cutter by considering the im-
proved helix angle model for flexible parts pres-
ented by Masud™* in which very small changes in
the initial and final immersion positions of the
cutter arc segment were contemplated, to reflect
the actual cutting conditions. Multi-frequency so-
lution of the proposed model was obtained. Sta-
bility lobe diagram was constructed for variable
helix angles and variable number of flutes. An in-
crease in helix angle showed improved stability as
compared to low helix angle values. Stability lobe
diagram for variable number of flutes showed that
the stability of the flexible parts milling increased
with fewer number of flutes whereas increasing
the number of flutes degraded the stability of
flexible parts. A simple empirical methodology
employing the inclined plane workpiece geometry
was used to validate the model results. The in-
clined plane workpiece geometry offered the in-
crease of axial depth of cut along the length of cut
enabling varying stability condition for one spin-
dle speed. Surface roughness was measured at differ-
ent points along the cut as a gauge of stability of the
cutting process, hence eliminating the need of sophisti-
cated analytical tools and equipment like, impact
hammers, piezoelectric transducers, specific software,

and sensors for chatter detection.

1 Chatter Stability Model

As shown in Fig. 1, the milling cutter with
N teeths and the workpiece are considered to ob-
tain flexibility in feed (x-direction), normal (y-
direction) and spindle (z-direction) directions. ¢;
is the immersion angle of the jth teeth measured
from the y-direction.  (r/s) 1is the spindle
(dF,;(gs2) ),
(dF,;(¢s2) ), and axial (dF,;(g,;2z)) forces

acting on a differential flute element with height

speed. Tangential radial

dz (see Fig. 2) yield as
dF.;(g.2) =[K. * h;(g;(2)) + K, Jdz
dF,;(g.2) =[K. * h;(¢;()) + K, Jdz (1)
ldFa,]w,z) =[K. * h,(¢; () + K, ]dz

where @, (z) is the immersion angle at the axial
distance z. ¢;(0) =¢+j +@, s 0;(2) =0+ ] *@, —
koz s kg = (2tanB) /D . Bis the helix angle and D
the effective diameter of the cutting tool. The dy-
namic chip thickness i
hi(ps2) =g (@[ (f+ Az + Aw)sing, (2) +
(Ay + Av)cosg; (2) ] (2
where f is the feed per tooth, Ax =2 () — x(t —
T, Ay=y() —y(t—T) and Au=u(t) — u(t —
T, Av=1v(t) — v(t — T) are the dynamic dis-
placements of the cutter and workpiece at the pre-

vious and the present tooth periods, respectively.
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Fig. 1 Dynamic model of milling

Depth of cutx

Fig. 2 Helical end mill and its thin disk element

The function g;(g) is a unit step function to de-

termine whether the tooth is in or out of cut, that is

1 on < o< ¢
g:lp) = 0 others )

where ¢, and ¢.. are the start and the exit immer-
sion angles of the cutter, respectively. The ele-
mental forces in feed (x), normal (y) and axial
(2) directions are

dF, ;(g;(2)) =—dF; + cosg,; (2) —dF,; « sing, (2)

dF, (g () =dF,; « sing,(2) —dF,; * cosg, (2)
ldFM (¢ () =dF,

4
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Total cutting force produced by the flute is
calculated by an integration of the differential cut-
ting forces along the in-cut-portion of the flute j
at each plane along % direction (5). Three distinct
ways of interaction between immersion section of
the cutter arc segment and a helical tooth j are

shown in Fig. 3.
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Fig. 3 Helical flute-part ace integration zones
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Assuming K,.=K,. =K, =0, and neglecting
the axial force, the following equations can be ob-

tained

DR (prt uct PIK 6 e +e ]+
B

(Ay+AW) [K,-Sg +€2 751] }

. DR ettt LK e — k) +e. ]+
= 8

(Ay+ 20 [Kes —e —2kpa ]}

gsji'/;;ﬂi{(A76+Au+f)[K,(se +e)—e |+
)

(Ay+AW) [Kr&g +€7 735] }

(6a)

K .
gsZ%{(Alr+ Mu+ D[ Ke—e—e ]+
8

(Ay+ A [K. (e, —e) —e |}

. gﬁ%{(m+m¢+ﬂ[1{eg kg —e ]+

(Ay+ 20 [K, (—e, —2kpa) —e | )

K .
gsZ%{(AT+A24+]‘) [Kies — e —& |+
8

(Ay+ A [K.(e; —&) —e |}

(6b)

) s 2
where e, =sin“¢,,; —sin“¢g, » e

=20, —2¢1; s &5 =

@5 € LatanB+ @ 9n)3q = x5y52

COSZSDI,j — cos’ ©Ou s &4 =sin’ @+ sin” (kga — ©2.5) s
g5 = cos’ @, + cos’(kya — ¢2;) 5 & = sin’ @, +
sin® (kga — @3.;) s &1 = 2¢3.; — 20 — 2ksa s &5 =
cos’ @ — cos’(kya — @50 » K, = K., K, =
K./K. o, =g +ip, —K,Z .

The cutting forces contributed by all flutes
are calculated and summed to obtain the total in-

stantaneous forces on the cutter at immersion ¢

N
FqZZFq-; q=2x,y 7
i=1
Converting Eq. (7) into matrix form as follow
A ~
F:iKlBu){ 1 Lkco {f} (8)
4/2,9 Ay 4k,@ 0

where
F=[F, F,J’

N

B(t) = Zg(gm.j)Bl (ng,j) +

i=1

N N
D gC ) By (go) + D) gy By (gs.,)
i=1 i=1

[B(t)n}
C() =
0

Converting Eq. (6) from time domain to fre-

quency domain

Flw) :f/; [B" (w) * Alw) + f*C" ()] (9)
B
where ” %" denotes the convolution integral.

Alw) = (1—e “")P(w) F(w) is the displace-
ment/regenerative vector; @(w) is the sum of the
"Frequency Response Function” (FRF) matrices
of the tool/cutter and of the workpiece. The peri-
odic directional matrix can be expanded into Fou-

rier series

B (w) = E B,X 0(w— er) = R[B(I)] — E B,X P

(10a)

b
B*~<w>—N{---+ { ’

2m il b))
b b,
(10b)

bbbl
} 0(w) + { "
Further multi-frequency solution is established to

}5(w+wr)+

}5(ww7)+"'

+1
[) RS yy

obtain the limiting depth of cut a as

:% |:AR_(,(1 —cos(w.T)) + A, ,sin(w.T) 4
“ K, 1— cos(w,. T)
Z.A,_(,(l —cos(w. T)) — AR_(,sin(w(T)}
i 1—cos(w . T)
(1D
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2 Simulations

For simulations purpose end mill cutter of 2
flute, 12 mm diameter, 30° helix angle end mill

cutter was used. Dynamic parameters of cutter in

X and Y directions are shown in Table 1. The

workpiece transfer function was identified in the
normal direction (Y), in Table 2, as the dynam-
ics in the feed direction (X) can be neglected due
to its relative magnitude. The cutting coefficients
of A1 7075, K,= 999. 28 MPa, K,= 426.4 MPa

were obtained"*,

Table 1 Tool dynamic parameters in X and Y directions
Mode/ Natural frequency w,/Hz Modal stiffness # /(N e m™!) Modal damping ratio ¢ /(1077 %)
Direction X Y X Y X Y
1 945.701 4 113 0.478 7 1.879 7X10° 5. 14X 107 0.41 4,188
2 1127.947 5 1 804. 498 1.709 0X10° 7.488 X107 1.191 7.95
3 1 817.896 4 2 868.277 5 5.95 X107 2.630 8X107 11.4 6.413
4 2 845.67 3701.345 6 3.63X107 2.019 7X107 6.668 4. 65
5 3 834.516 1 4 579. 586 2.208 9X107 1. 905X 10" 5.5111 2.832

Table 2 Workpiece dynamic parameters in Y direction

Natural Modal Modal damping
Mode frequency stiffness ratio
w,/Hz k/ (Nem ') ¢ /(10 *%)
1 3173.9925 1.192 6X107 6.537 5
2 3 248.687 4 1.160 310’ 4.1127
3 3 453.169 0 7.665 7x10° 3.446 6
4 3848.849 4 9.628 0X10° 4.961 5
B 4 356.775 6 1.662 1X107 5.352 6

(1) Helix Angle

Stability Lobe diagram (SLLD) drawn for dif-
ferent helix angle is shown in Fig. 4. The simula-
tion of the proposed model shows that helix angle
affects the stability of flexible parts milling. An
increase in helix angle shows improved stability

and vice versa.

Fig. 4 SLD of helix angle

(2) Number of flutes

SLD drawn for different number of flutes is

shown in Fig. 5. The simulation shows that in-
creasing the number of flutes degrades the stabili-
ty of flexible parts milling where as an end mill

cutter with fewer flutes improves the stability of

2-Flute
3-Flute
4-Flute
5-Flute

20 30 40 50 6.0 70 8.0
Spindle speed/(10° rad * min)

9.0 10.

Fig. 5 SLD of number of flutes
the flexible parts milling.

3 Experimental Verification

In order to verify the simulation, a simple
experimental methodology was adopted. A thin
walled Aluminum 7075 workpiece 4 mm thick
(Fig. 6) of inclined geometry offering a gradual
increase of the axial depth of cut in the feed direc-
tion was used. Experimental setup is shown as
Fig. 7. For each case of variable helix angle and
number of flutes, two different values of end mill
cutter were used. Test for each end mill cutter
was performed with three sets of spindle speed,
i.e. 2000, 3000 and 4 000 r/min on a three axis
CNC milling machine. In order to ensure the
same stability conditions among each test, fol-
lowing conditions were met:

+ Workpiece of same geometry was used.

« Torque wrench was used to apply the same
clamping force on each test piece by clamping vice.

+ Same tool holder was used and same over-
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hang of the milling cutter was ensured.

» To analyze the two different cutters same
cutting parameters i. e. spindle speed, feed per
revolution and RDOC were ensured.

Surface roughness of the test specimen was
measured as a Gauge to compare the stability of
the two different cases. Stylus type surface
roughness measuring instrument was used to
measure the surface roughness of the test piece at

different points along the cut. Large cut-off val-

ues i. e. 2. 5 mm was employed to identify the

chatter marks on the machined surface*"

Fig. 6 Inclined workpiece

Fig.7 Experimental setup

(1) Helix angle
To verify the effect of helix angle on stability
of thin walled workpiece, test were performed
with two end mill cutters of dia 12 mm with helix
angles 30° and 45°(Fig. 8).

as listed in Table 3 along with surface roughness

Tests were performed

measurement made along the length of cut at two
points 140 mm and 180 mm. Measurement was
taken three times at a point and their mean was
obtained. For each test RDOC was 1 mm and
feed of 0. 15 mm/tooth was used to maintain the

constant chip load.

Table 3 Test parameters [

Surface roughness/pm

Point 2
Gemin D @mmemin~ ) (140 mm) (180 mm)

Spindle Feed
Type Test speed/ rate/

Point 1

30° helix 1 2000 1200 2.31 2.95
angle end 2 3 000 1 800 2.84 6.16
mill-cutter 3 4 000 2 400 4.61 5.33
45°helix 1 2 000 1 200 1.31 1. 84
angle end 2 3 000 1 800 1.52 1.78
mill-cutter 3 4 000 2 400 1.66 3.75

Fig. 8 End mill cutter (helix angle)

(2) Number of flutes

In order to verify the effect of number of
flutes of end mill cutter on stability of thin walled
workpiece, test were performed with two 3-fluted
and 4-fluted end mill cutters of dia 12 mm with
helix angle 30° (Fig. 9).

listed in Table 4 along with surface roughness

Tests were performed as

measurement made along the length of cut at two
points 140 mm and 180 mm. Measurement was
taken three times at a point and their mean was
obtained. For each test RDOC was 1 mm and feed
of 0. 15 mm/tooth was used to maintain the con-

stant chip load.

Fig. 9 End mill cutter (number of flutes)
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Table 4 Test parameters [
Spindle Feed Surface roughness/pum
Type Test speed rate/ Point 1 Point 2
Gemin~ D mmemin~ ) (140 mm) (180 mm)
3fluted 1 2000 900 1.8 2.2
end mill- 2 3 000 1350 2.1 3.5
cutter 3 4 000 1 800 2.9 4.3
Afluted 1 2000 1200 2.31 2.95
end mill- 2 3 000 1 800 2.84 6.16
cutter 3 4 000 2 400 4.61 5.33

4 Conclusions

Chatter in machining is the most debilitating
problem faced by modern machining industries,
and its prediction, elimination and control be-
comes even more critical when the part to be ma-
chined is flexible. The present research presents
an important contribution in the stability analysis
of flexible parts milling by studying the influence
of helix angle and number of flutes of milling
cutter after contemplating an improved helix an-
gle model in which very small changes in the ini-
tial and final immersion positions of the cutter
arc segment are considered. The study concludes
that

(1) A greater value of helix angle of the mill-
ing cutter improves the stability of the flexible
parts milling and vice versa.

(2) The smaller the number of flutes, the
more stable the milling of flexible parts, will be

and vice versa.
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