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THE EFFECT OF RUNOUT ON THE STABILITY OF MILLING
WITH VARIABLE HELIX TOOLS
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SummaryThe stability of chatter vibrations in milling preses with variable helix tools is studied. Variablgix tools are
characterized by different helix angles at différeeth of the cutter. With the tool rotation atilimited time delay, specifying the time
between two subsequent cuts, arises in the modetiegs for the description of the machine-tooraflons. The stability analysis of
the distributed delay differential equation is dam¢he frequency domain and the effect of cuttgout on the stability is studied.

INTRODUCTION

Large vibrations in milling processes often call#thtter vibrations cause noise, increased tool wadrpoor surface
finish. The chatter stability analysis for millipgocesses can help to understand the reason foctherence of chatter,
to find stable cutting conditions without undesingdrations and strategies to suppress chatteatithrs. The main
reason for chatter is an unstable self-excited eugisin. Vibrations at the contact zone between tiod &and the
workpiece result in a wavy workpiece surface, whadtect the chip thickness and the value of theirgytforce at the
next cut. These dynamical variations of the cutforge induce new vibrations of the structure &t ¢lrrent cut. As a
result, the underlying model equation for chatierations is a non-autonomous delay differentialagpn (DDE).

The stability analysis can be done by numericaluttions of the DDE and the analysis of the timgeseof the
vibrations. Alternatively, the semidiscretizatioretimod [1] can be used to construct a discrete emersf the solution
operator of the DDE in form of a monodromy matrbhe eigenvalues of this monodromy matrix are theqéét
multipliers and determine the stability of the ¢batibrations. In [2] a frequency domain stabilityalysis is proposed
for the calculation of the stability lobes for ritih) processes. The stability lobes separate staltlmg conditions from
unstable conditions with large chatter vibrations.

For milling processes with variable helix tools tirae delay in the model equation is a distribubee, because of the
special geometrical nature of the milling cutteor fhis case, the frequency domain stability anglg$ regenerative
chatter is presented in [3]. In the present coutitim the method of [3] is used to calculate thabsity lobes for a
prototype milling process with a variable helix tand the effect of cutter runout on chatter vilmad is shown.

MILLING MECHANICS

The process force in milling depends on the gegmradtthe milling cutter, the cutting conditions atige cutting force
law. The geometry of the variable helix tool isafied by the number of teeth, the radius, the initial pitch4¢;(0) at
the tool tip and the helix anglesfor each tooth (see Figure 1). For a regular tool with uniforrtchiand uniform helix
angles the values aofi;(0) andz; are independent of the tooth numbefhe effect of runout is considered by slightly
differentR for different teeth. The cutting force law desestihe local behaviatF(h) anddF,(h) of the cutting force
in tangential and radial direction at differentiaitting edge segmentiz of the milling tool axisz. The form and the
parameters of the cutting force law are often ifiedt empirically. In this paper a power law depende of the cutting
force on the chip thickne$sis considered:

tool circumference Structural model
10 =2 Ti=d ° ‘ mode number k=1 k=2 k=3
3 myin kg 3 0.62 0.12
8t Gk 0.02 0.025 0.034
’E“ : . wkin Hz 410 1353 2234
N 8t pitch:Ad,(2) | mode orientation -2 5 1
= : " xy Z)T 1 -3 4
= i 2 1 -2
E 4 Parameters of cutting force law
& , K=95Wmm” | =07 |K=170Nmm®°| =05
Variable helix tool with runout N=4
o ‘ ; ; ‘ ; ‘ ‘ A¢i(0) in ° 120 60 80 100
0 40 80 120 160 200 240 280 320 360 niin° 35 32 29 26
tool azimuth ¢ in degree Rinmm | 10.010 9.995 10.005 9.990
Figure 1: Circumference of the variable helix tool. Table 1: Parameters of milling example.
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dR () = K;htdz,  dF, (h) = K.h"" dz. @)
K; andK, are the tangential and radial cutting force codffits. If the tangential and radial exponept@ndy,, are
equal to one, eq. (1) reduces to a simple linetdiinguforce model, which is often studied in thedature.
For milling processes with variable helix tools thep thicknes$=h(t, r(t), r(t-z(i,2)), i, 2 depends explicitly on time
due to the tool rotation and on the tooth nunikemnd the axial heiglt due to the non-uniform geometry of the cutting
tool. Furthermore, current and time-delayed viloragi r(t) andr(t-z(i,z)), at the inner and outer surface of the chip
influence the chip thickness The time delay(i,z) is the time between two subsequent cuts and dispeamthe spindle
speed? and the pitchlg;(2) at the axial height between the present todatland the previous tooth (cf. Figure ¥ith
the transformation matriX=T(t, i, Z) the cutting forces can be transformed from loadial and tangential coordinates
at the cutting edge segmeit into x, y and z coordinates of a fixed machine tool coordinateesys The complete
process force is the sum of the local forces oll¢eeth and the integral frozx0 to the axial depth of cuta,.

maxr N &
_ [ Kehtr ), r -7 (i, 2),1, )"
), I (t-9)dd) = Q2)| d 2
T ml\:m e izzl“!m'Z){Krh(t,r(t),r(t—r(i,z)),i,z))”J ’ ?

The cutting forceF depends on the current timhethe current dynamical displacement§ and allW(t, 9)-weighted
time-delayed displacementgt-9) bounded by a minimum and a maximum value of tleéayd:(i,z). The time
dependence is periodically with the peri@af the spindle rotation.

RESULTSOF LINEAR STABILITY ANALYSIS

Regenerative chatter occurs due to dynamical pseceshine interactions. The dynamical model oftlaehine tool is
a system of uncoupled harmonic oscillators, withdbominant modal masseg, damping ratiog, and eigenfrequencies
wy. The connection of the process force of eq. (2) tie structural dynamical model and a followiimgarization with
respect to the dynamical displacemeanisads to a DDE with time-varying distributed delay

maxr

r(t) = A@)r(t)+ .[B(t,z9)r(t—79)dz9. 3)

min7
The coefficient matrice&(t) andB(t, 9) areQ-periodic. If the system is at the stability bordeperiodic solution can be
assumed for the displacementf. Then, the coefficient matrices B and the state variablecan be developed into
Fourier series and transformed into the frequermyain. If a finite truncation of the Fourier serissconsidered, it is
possible to determine the critical cutting conditiat the stability border from the so-called d#terminant, which can
be interpreted as the characteristic equation efpttoblem. Details of the frequency domain stabdaihalysis for the
case of milling processes with variable helix tomds be found in [3].
The structural dynamical, the force and the toangetry parameters of a milling example with a Jaldahelix tool
with cutter runout are shown in Table 1. The cattionditions are half immersion down milling wittfesed per round
fr=0.4mmin x-direction. The chatter stability borders, indiogtithe limiting depth of cud, dependent o, are shown
for four milling cutters in Figure 2. The ‘Variableelix tool’ is characterized by the parameter3alble 1 with the tool
circumference, illustrated in Figure 1. ‘Regulanligefers to a comparable tool with uniform pitgh;(2)= 49=90° and
uniform helix angle;;=4y=30.5°. The exact radius of the teeth for the t@sthout runout is uniformlyR=R=10.000nm

> ' ' CONCLUSIONS
g 4 In general, variable helix angles and cutter
prt runout can stabilize milling processes and
53 suppress chatter. It can be expected, that the
%5 stable island for the variable helix tool without
£ 2 runout (black, dashed) can not be detected in
3 ——Variable helix tool without runout experiments, since for its calculation only three
g 4L —— Variable helix tool with runout structural modes were considered. Though, only
® — Regular tool without runout radial deviations due to runout in the size ofva fe

0 . ‘ Regular tool with runout micrometers are assumed, the limiting depth of

2.200 2.400 2.600 2.800 3.000  cut is up to 30% larger than for the comparable
Spindle speed Q(rpm)

tool without runout. The effects of runout on the
Figure 2: Stability lobes for milling processesiwitariable helix ~ stability are much larger for variable helix toais
contrast to uniform pitch and uniform helix tools.
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