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ABSTRACT

Virwal computer numerical control (VCNC) atiscs from the concept that one can experience pseudo-real machining

with a computer-numerically-controlled (CNC) roachine before actually cutting an object. To achieve accurate VONC, 1t

is important to determine abnormal hehavior, such as chatler, before cutting. Detecting chatler requitcs an understanding

of the dynamic culling force model. In general, the cutting process is a closed loop system that consists of structural and

cuting dynamics. Machimng instability, namely chatter, results from the interaction betwcen these (wo dynamics.

Several previous repotts have predicled stability for a single path. using a simple cutting force model without tool runout

and penetration cffects. This study considers both teol runout and penetration effects, nsing experimental modal analysis,

to obtain predictions that are more accurate. The machining stability during a corner cui, which is a typical transient cut.

wag assessed from an evaluation of the cutting configurations ai the corner.

Keywords : Endmilling, transient cul, stability

1. Introduction

Machine tools are widely nsed in produaction and
manufacturimg and have significant roles in enhancing
preductivity. In order to maxinuze productivity. the speed
at wiich the tools can machine, without causing
deterioration in the syslem’s stability, is crucial
Thewefole, mondormg or cvalualing machining stability

is indispcnsable.

As the cutter rotales, the cutting configurations
periodically change during endmulling; the uncut chip
thickness changes continuously while the multi-point tool
rotates and makes interrupied cuts. The dynamic cutting
force model simulates the dynamic component of the
cutting force by evalualing the rclative displacement
between that tool and workpiece that occurs [rom the

vibrations caused by variation 1n chip thickness. Several
studies have been reported in this ficld. An accurate static
cutting force model was developed by treating the cutting
coefficients as constants [1,2]. Budak and Aliintas [3, 4,
5] predicied chatter through analytical estimation. and
Hwang and Cho [6] proposed a model that considers the
relative chsplacement between the tool and workpiece.
Eibestawi [7] developed a dynamic model raking the
damping between tool and workpiece inte account, and
Ismail 18] showed that more stable cutting is possible by
giving same variation to the lool geometry. On the other
hand, it was shown 1n [9] that the results {or chatter
prediction can dufer according to the cutting force medel
used.

However, all of these models consider ouly the single
path, whereas a transient cut, such as a cormer cut,

frequently occurs in rcal machining. Although one report
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[10] mentions the possibility of chatter ocearring during
a corner cut, further research has not examined this
matter,

In this study, the dynamuc behavior of the tool was
moadeled through an experimental modal analysis, and the
dynamic component was incorporated inte the dynamic
cutting force model. In addition, penetration and cuiter
runout effects were considered to permit a more accurate
machining stability evaluation. The stability analysis
during a transient cut was calculated using this model.
and the effect of runcut on the stability was investigated.

2. Structural dynamic modeling

The relative vibration {rom endmilling can be
described as 2 DOF system using the concentiated mass
model, as shown in Fig 1, The 2 DOF equation ol motion
for the relative amount of vibration during culting can be
described by equation (1).
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Fig. 1 Schematic diagram of tool vibration model

mx+c xk+k x=F "
m,y+c, vtk y=F,

These equations were numerically mtegrated to obtain
the relative motion of the tool.

Dividing the lefl and right hand sides with modal mass,

m_m, yiclds:

F
. . 2.
i+20 0, Xt@, x=—
m.,
Yo . 2 Fv
Y+ 24 v(')ny ¥+ Doy = (2)
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The modal parameters were oblamned through an
experimential modal analysis: the results arc shown in
Table 1.

Table 1 Modal parameters of the tool.

| Mass Freq. Damping
{kgy (Hz) ratio
X-axis 6,76 839 6.0314
Y-axis 662 8ol 0.0382

3. Cutting force modeling

3.1 Mechanistie cutting force model in
endmilling [1]

An endmilling cuiter can be divided mto a linte
number of disk elements. The total x-, y-, and z-lorce
components acling on a flute at a particular instant arc
obtained from a numerical integration of the force
compencits that act on an wmdividual disk element.
Summation over all of the flutes engaged in cutting
yields the total force acting on the cutler at that instant tn
time.

Fig 2. shows schematic views of the endmilling process
geometry and coordinate system adopted in 1his study.
The angular position of the &£-th axial disk element of the
i-th flnte. at the j-th angolar position ol the cutter. is
given by Eqgs. (3} and (4):

&(j) = —jrd

(3

i, 1. .k) = (i )¢t +(kAa+Aa!2)mn—;)"+9(j) )
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Fig. 2 Cutter geometry, coordinate systemn and unit

vectors on the rake surface[1]

From the geometry shown in Fig 2.. the unit vectors on
the rake face, ji.7 ,E LK » and the chip flow angle, f( , can
be obtained. Then, the normal and frictional forces on the
rake face, (F (¢) and dF; (¢) » can be calculated as
from:

dF, (@) = K, T(@)ii(a)dA, (5)

dF,(§) = K, K 7@ (a)dA, (6)

where dd, = (#)cosa, (Aa/cosé,)-

The three orthogonal components of the cutting forces
can be determincd at each disk elemeni, mn Cartesian
coordinales, [rom the above equations. Summing them
up for all of the disks along the toel axis, the Tollowing
cuiting forces are ohtained:

F (=23 FAij.k)
A :
=> 3 [AK, cos(@- a, )+ K K A, cosg @

" KJ'KH All Shl('?'s - Of, )]t( (¢)B]

69

F ()= 2 F (i, jk)
Lo
=3 YIAK, sin@@- o, )+ K, K, A, smg @
ko

+K K, A, cosig- o Yk, ($)B,

)

F.(jy=2 2 FAi, }.k)

- ;Z[—AZ K, +K.K AT (B, ¥

A, =cosf [sind,
A, =(sind, /sinf, )-cose
A, =sind, (sind, —cost cotd, )
A, =cosd /sind,
A, =cosf, (sin@_ —cosf_cotd, }
B =cos a'(ct?saéi ]
cosf, =7-§ =sing, sinth,
siné, = m

Cuiting is  performed over the range

P <<, for each small disk element.

The range of angles over which the cutter is engaging

with the workpiece, Lis:
Cuting

cuiting

g =cos”'(1 d.~,
R

~¥)-siny—(X,-X ) -cosy} (10)

where ¥ is the angle the direction in which the tool is
proceeding.
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3.2 Direction of cutting considering the relative
motion of the tool

The relative metion of a ool is wvsually neglected
because its magnitude is very small compared to the
catting speed. However, in an unstable situation. such as
chatter. the relative velocity of the tool becomes
significant and thus cannot be ignored. This relative
velocity may change the culting direction of the
individual disk elements. as is schematically shown in
Fig 3. The amount that the cutting direction changes can
be represented by the following equation:

(11)

where V! and V' denote the relative velocity in the
radial and tangential directions, respectively. which can
be expressed as:

V! =X, sing—Y, -cos¢ (12)

V,r =_Xn .Cosqb_Yn lSin¢’ (13)

Feed direction
—_—

|
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___ Center

sl
previous cul

current cul 1

Fig. 3 Curting direction thatl consider relative velocity of
culter

Therefore, when the relative motion betwesn the toal
and workpiece is considered, the actual cutting direction,
which should be used in equations (7) - (9), is
p+a

i

3.3 Model for the nncut chip thickness

Actual machinmg does not follow the nonunal tool
position exactly, for reasons such as the relative vibration
and runout of the tool Thus, the uncul clup thickness
cannot be obtained only from the tool geometry, as

described by
t.=f, -sing (14)
¥ A
taed direction
e

/’“__‘-__Lm

Fig. 4 Cutter runout offset and its location angle [2]

Taking the relative vibration and runont into account,
the center position of the igol can be wrilten as:

X R =X (N+X,(N+X,0j.k) (15)

Y (4R =Y (DY, (D+Y, (1K) (16)

The nominal coordinatcs of the tool position,

XN and Y, (j).can be calculated from [1]

N
X (=X (j-11+ g 4D
LY =X, (f-1)+ f, cosy 360

N
F(A=Y {i-1)+ iny-—".Af (18)
LD=Y -1+ f siny 360
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Tool runoul, X (/- Yp (j)- can be determined from
P .
the sunoul offset and runout angle [1]:

X, =-psin(e,, —0(j) {19)

Y, =-pcosia,, ~8(j) {20}
The tool-workpiece relative displacement in the x and
y diveciions. X (j k) and ¥ (j k), can be obtmned

numerically 1n a sumilar way to that described in Section
2

iy

nTJXm-E_CAX +lel(i :F\

i

mY, +c ¥

I ¥

+& Y, =F

i

To determine the uncut chip thickness, the equation of
a line 7, that connects the current tooth location and the
center of the cutier (X ¥ ) was caleulated.  Circle
equations C,, C,, €, and C, were used 1o desenbe the
cutler at the previous three tooth locations as well as at
the curteni one. The mtersections between these circles
and line [, were then calculated. The distances between
these interscctions and the current tooth location are
possible uncut chip thicknesses. Of these distances, the
smallest one was used as the uncut chip thickness in the

dynamic cutting force model,

x!Hi.—] + ‘1 : (23)

T

(i, j k,m)=R—-

i em

1, = Max[0, Min(t_,, (i. j.k,m))] (24)

i, Possible uncut chip thickness
{x,,,¥, ) Location of the culting edge 1n

previous teeth

3.4 Determination of the cutting coefficients

Catting coefficients can be considered as constants that
depend upon the tool and workpiece materials |1]. This
concept was adopled in this research.

fmssﬂ)\e uncul
ip thickness

byl O

Fig. 5 Geometry for uncut chip thickness calculation

Measured cutting force signals were synchronized with
one revolution of the simulated cutting forces that
censider the angular position ol the tooth. The variances
of the cutting coefficients and chip flow angle were
calculated at all of the combinations of runout offset, at
mmeremenis of 0.001 mm. and runout angle, at increments
of 1° . The runout paramelers obtained at the minimum
variance were selected and used with the cutting
coefficients. One sel of cutting cacfficients was obtained
with these parameters under cutting cenditions of rpm =
1500, fecdrate = OO mum/min, radial depth = 10 mm, and
axial depth = 8 mm. The resulis are lisied in Table 2.

Table 2 Cutting coelficients and runoul parameters

Kf QC A &y
(N/mm®) [{rad ) | (mm ) | (deg .)
1140 0.9703 0.4358 0.011 172

4. Cutting process simulation

When a tool cuts in a straight line, the entry and exit
cut are the only cases of transient cutling. However,
transient cuts occur at most comers and causc the cutting
configuration to change continnously. These ever-
changing cuiting configurations must be calculated to
accurately predict cutting forces.
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Cutting configurations during a corner cut arc obtained
by comparing the remaining portion of the cut from the
previcus tool path with that of the current tool path, as
shown 1n Fig 6. There can be two cases as follaws:

rrevious lool path

current ioal palh
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Fig. 6 Detarled schematic diagram at the cutting of comer

The intersection of circle C, and line I occurs below
the line £, . The radial depth of cut , can be expressed
by Equation {25), and calculated from the intersection of
C, and L.

d,=wty, (25)

ys :mi(xs _xm)+ Y

. _-Q+0-4P R
' 2P
P=m’+1
O=2y, -m - ml2 R (e 3
R=m' x>+y, +y, +x ~R®

—2(”’1’] ' xm " ym + n?‘l ) xm ' ya - ym ' yn)

The intersection of circle €, and line L, occurs above
line L5, The radial depth of the cut €. can be determined
from Equation (26), and evaluated [rom the interseclion
of Coand L.

4, =wiy, (26)

-1
2

¥, =m,(x, —w)+n

-0+ -4P-R
r=—
' 2P

,
FP=wm," +1

Q=201 -m w.-y, m—x)

n

2 2 3 2 2 2
R=m -w +0+y +x —R

=20m,w o ntmy-w oy, —nev)

7o

m, =tan(y)

5. Experiments and resuits

5.1 Experimental procedure

Cutling forces were measured over a single line path
and a corner cut for a vertical milling machine (ACE V30,
Daewoo Heavy Industres). AL 2024-T6 workpicces
were machined with a HSS {lal endmill, with a diameter
and overhang of 20 mm and 59.6 mm, respectivcly.

The corner was made before the corner cut experiment.
The radial cut depth equaled the culter radius, while the
axial cut depth and rotation speed werc varied. The
preparved workpiece and the tool path are schematically
shown in Fig 7.

Regions 1, 2, and 3 1 Fig 7 are each 10 mm long
Regions 1 and 2 require transient culting. because the
culter starts work on the corner, where the radial depth
conlinucusly changes. Regions 3 and 4 represent
locatons where the cutter changes direction by 90
degrees and disengages from the workpiece. Al the
bormdary of region 3 and 4. slot cuttng is performed
instantaneously; thus, the culling conditions rapidly

change.
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Fig. 7 Cutting experiment at the corner

The instant when the center of the tool enters region 1
was set as the origin of the coordinate system f{or all of
the cutting expeniments. The feed rate was 100 mm/min.
Table 3 shows the cuwiting conditions used in the
experiments. The cutting force signals were measured
with a tool dynamometer (KISTLER 9257B) and a multi-
chanmne] charge amplifier (KISTLER 5019B}. and were
saved in a compuler after passing through an A/D

converter.

Table 3 Cutting conditions for cach case

dapth of Spindle
width or feed rate
Rema cut RPM
out £ (mms
rk d, f {rev/
¢ dmmy min)
[mm) o min}
C| Gaom
ased or g 10 —=20 100 1060
C| Suag
asa2 i <1 20 100 1000
C| Com
ase3 ar 3 10 —20 100 1000

5.2 Stahility in the corner

Fig 8. and 9. show the measured cutting forces for
CASE 1 and CASE 2, respectively. Fig &. depicts the
cutting forces for 200 cuiter revolutions when chatter
occurs at the corner. Fig 9. shows the cuiting force [or
one cutter revolurion during a single path cut. In CASE 1.
at the instant the cutter finishes cutting in the X direction
and changes its direction to the Y axis, the same cuiting
condition exists as in CASE 2. Chatler occurred at the

cornet momentarily. even under the same culting
conditions, whereas there was no chatter in the line path.

3000
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=

g. 8 Measured cutting force in the corner for CASE |
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i
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Fig. 9 Measured cutting force in the straight path for
CASE 2

Fig 10. and 11. represent the simulated resulis for
CASE 1 and CASE 2, respectively. The chatter observed
in the experiments was also present in the simulations:
chatter was noted at the corner and not in the straight
path.

Fig 12. and 13. depict the results from the experiment
and simulation, respectively. Both plots indicate that
chatler occurs the instant the cutter enters the comer, and
that the cutting regains its stability. In the figures. the
cutter proceeded along the X-axis between 0 - 20 mm.
and then changed direction and traveled along the Y-axis
between 20 — 21 mm.

5.3 Effects of cutter runout on chatter

Fig 14, shows the simulated cutting force, under the
same cutting conditions as 1 CASE 1, when cutter
rmoutl is nol included in the model. This can be
compared 1o Fig 10., where the forces were evaluated for
CASE | and cutier tunout was considered. The
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Fig. 10 Simulated cuoiting force in the corner for CASE 1
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Fig. 11 Simulated cutting force in the straight path for
CASE2
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Fig. 12 Measurced cutting force in the corner for CASE 3
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Fig. 13 Simnlated cutting force in the corner for CASE 3

74

location of the tool when chalter began was 16.8 — 17
mm in Fig 10, and 163 - 164 mm mn Fig 14. In the
experiment, chatter was noled between 17.1 - 17.3 mm,
as shown in Fig 8. Therelore, the cutter mnomt effect
should be included i the dynamic cutting force model.

6. Conclusion

This paper investigaled machining stability during a
transicnt cut from endmilling. For the stabilily analysis,
structural dynamues were evaluated for an endmill cutler,
and a dynamic cutting force model was developed that
included the effects of cutter runout. Comparisons werc
made between single path and cormer cuttings for both
experiments and simulations. Chatler 15 mare likely 1o
occur in a transient cut than in a single path cul. The
model predicted the locanmon of chatter onsel more
closely when the runoul effect was considerad.
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NOMENCLATURE

m,, m, : Modal mass in the direction of the X and
Y axes

c.. C, : Modal damping constant in the direction
of the X and Y axes

k.. k, : Modal spring constant in the direction of
the X and Y axes

() : Cutter rotation angle

Al : Cutter rolation angle increment

: Angular position of the cutting edge

¢£ ; Flute spacing angle

1 : Index of the flate

J : Index of cutter rotation

k : Index of the disk element

N, : Number of the flute

&, * Helix angle

Aa . Height of the z-ax1s disk element

F F ,F. :Cumtesian coordinates of the culting force
components

K K ‘s @L Cutting  force cocfficients: normal

specific culling force, frictional specific
cutting force, and chip flow angle,
Lespectively

entny

¢ (VIS

chumg

R

t,

1

r:r,.

(X,. 7.}
(X,.Y,)
(X,.Y,)
2. O:ruu
X et Xrl‘ »
Ym ’ Ytu 4 Y;d
dd ’ dw

X rel

: Entry angle of the cutter
¢ Exit angle of the cutier

: Uncut clup thickness
: Feed per tooth
: Rake angle

ils location angle

displacement of the
direction of the X axis
: Relative accelerauan,
displacement of the
direction of the Y axis

: Depth and width of cut,

: Immersion angle of the culler
: Radius of the tool

: Actual position of the cutler center

: Nominal position of the cutter center
. Deviation caused by cutter runout

: Radial runout offset for the cutter and

. Relative acceleration, velocity, and

ool in ihe

velocity and
tool in the

respective



