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1e Sunmery.

Prediction of regenerative machine tool ochatter requires a

knowledge of the cutting forces existing under vibrotion con~
ditions, Previous direct experimental work has been very
limited in its range and has given results which contradicted
those derived from observations on regenerative ohatter,

4 description of suitable experimental rigs and the
results obtained from these vigs are‘given. The results
show that there are large phase changes of cutting force
relative to chip thickness when vibrating, A simplified
criterion is given for assessing machining stability and it
is shown that the observed phase changes will greatly affect
machining stability; in some cases machining will be stable
regardless of machine damping,

The requirements for machining stability contradioct
those for long cutting tool life so a compromise must be
reached in practicel cases.

The cutling process is not, in general, amenable to
gquantitative analysis but theories have been put forward to
explain the observed force phase and amplitude changes,

There is a reasonsble gqualitative correlation between experi-

ment and theory for most of the experimental range.




2,

Temperature estimates involved in phase change estimates
show that there are large tool temperature variations under
chatter or milling conditions, These tempersture variations
and the consequent thermal stresses are likely to cause %ool
failure with brittle materials such as carbides,

The results obtained under steady cuttirz conditions such
as lathe turning have been extended to intermittent cuts as
encountered in milling, The tests show that there is no
fundamental difference between steady and intermittent cuts.

Suggestions are put forward for the large amount of
further work required to clarify the mechenisms of the cutting
process and to extend cutting force knowledge for chatter

prevention,
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2, Introduotion.

lietal cutting processes on conventional machine tools are
subject to two types of vibration, forced and self exolted.
the forced vibrations are usually of fairly smell amplitude;
they are excited by unbalance of shafts, irregular gears Or
the engagement of individual cutter teeth. The causes of
this type of vibration are well known and the cures are
relatively easy to apply, either by reduction of the exciting
force or separation of the relevant machine resopant freguency
from the exciting frequency.

The self-excited vibrations are much more troublesome.
The amplitudes built up are lorge, of the order of ten
thousandths of an inch rather than of one tenth of a "thou"
and instability cannot be prevented in general simply by
altering frequencies.

There ere two mein types of self-excited vibrations,
usually called "chatter". The simple type depends on a
nechanism basically similsr to the stick~5lip mechanism
encountered with dry friction; this type usually ocours at

fairly high freguencles of the order of a kilocycle per
socond, Arnold (1) investigated this type of chatter which

is not usually of industrial importance since 1t 13 relatively
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easy to oure and dees not generate sufficient force to break
a machine tool through it msy ruin a brittle carbide cutter.

The importent chatter is the type usually called regen-
erstive machine tool chatter, This type ocours at low
frequencies, typically 20-100 o/s. with large amplitudes.

In addition to cutter breakage and possibly mechine breakage,
this type of chatier leaves deep patterns on ‘the workpiece
which is then sgorap.

The simplest type of regenerative ohatter occurs with one
degree of freedom only, as indicated in Pigure 14(a), in which
the workpicce is considered as vibration-free while the {ool can
vibrate only perpendiocular to the workpiece velocity. Tool
vibration thus gives as chenge in chip thickness but no change
in outting velocity.

Tt is only ocomparatively recently that there has been under-
standing of the basic mechanism of regenerative chatter follow~
ing the work of Tobias and Fishwick (2) in Britain and Tlusty
and Polaocek (3) in Cgechoslovakia: Appendix I gives a gimpli-
fied analysis of the effect; this approach to the analysis
gives & physical picture of the mechanism, showing how the wave
left on the workpiece surface by the previcus out, forces the

machine system at the resonant frequency, leaving & wave on the
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freshly ocut surfaoe,

Solution of chatter problems, whether carried out
analytically (2 & 3), graphically (4) or by analogue com-
puter is basically the solution of a differential equation
in which the force on the machine is equated to the cutting
force. The force on the machine, in terms of machine dis-
placement, can be determined experimentally by straight-
forward vibration tests but very little is known about
dynamic cutting forces since their experimental nmeasurenent
is very difficult and there is no relisble theory to predict
cutting forces,

The work described in this thesis is an attempt to
determine dynamic forces and to understand the mechanisms

which give cbserved effects,




3. Pravious Vork.

3«1 Clasaification,

The research on dynamic cutting forces falls into two
ogtegories,
(1) Direct measurement of the cutting forces.
(ii) Indirect evidence derived from regenerative
chatter results,

342 Direct Measurements.

The original experiments to measure the cutting forces
directly were made by Doi and Xato (5); a sketoh of their
gpparatus is shown in Fipgure 1., The workpiege 1s attached
to a long flexible shaft held in a chuck and supported at the
free end by a steady which prevents vertioal motion of the
workpiece but allows a rotating cam to oseillate the workpiece
horizontally. The fixed cutting tool then cuts a chip with an
approximately sinusoidal thickness variation, The surface
outting speed for these tests was 3.4 £t,/min, The cam
osolllated the workpiece and hence varied the chip thickness
8t 144 o/8., The small clastic deflections of the tool were
measured optically to glve the normal and tangential cutting

forces,
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Results obtained from this rig are given in Figure 2, which
shows a record of the ohip thickness, the normel cutting force
and the tangential cutting foree variations while oseillating
the workpiece, The figure indicates that the maximum values
of the forces at points D and D' do not ocour at the same time
88 the meximum value of chlp thickness at point A. The time
interval between A and D or D' is referred to as the inherent
time lag of the normal or tangentiel cutting force respectively,

The derived values for this inherent time lag are given in
Figures 3(a) and (b), plotted as functions of the cutting angle
and the chip thickness, The observed time lag increases with
chip thiokness and cutting angle,

Similar Russian work by N.I, Tashlickii (6) was carried out
at higher cutting speeds but low frequencies using & rigidly
mounted tool and an eccentrically mounted workplece, Results
obtained from this rig are shovn in Figure 4 which is again a
plot of the outting forces and chip thickness during vibration,

A typical result obtained by W. H¥lken (7) is shown in
Figure 5., The figure represents the variations of cohip thick-
ness, normsl force and tangential force as a function of time,
These results, like those of Tashlickii, confirm Dol and Kato's

observations of a time lag of force relative to chip thivkness,
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3¢5 Indirect Evidence.

In their work on regenerative chatter S.A.Toblas and
W,Fishwick (2) treat phase effects in a completely different
mermer, Their theory is based on the sssumption that the
cutting force is o function of feed velocity as well as of
chip thickness, and it is easily shown that this 1s mathemat-
ically equivalent %o postulating a lag or lead of force
relatlve to displacement,

Bvidence concerming the sign of the phase angle between
chip thickness and thrust varlations is derived from the form
of stebility charts, desoribing the stability of, say, a face
milling process (Tobias 8)s A chart of this type shows those
speed ranges st which a certain depth of cut (or chip width) is
gtable or unstghle, It can be obtalned experimentally or
theoretioally and its form for drilling and face milling is
well established, The stebility chart is divided into two
vegions by the stability band envelope. For values of chip
width less than the velue given by thls envelope the ocutting
process is unconditionally stable. In the reglon sbove the
envelope the outting process may be stable sr unstable, depend-

ing on the rotational speed of the tool.
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It can be shown that the shape of the stability envelope
is an indication of the phase relationship between cutting force
and chip thickness variation., When the cutting fores lags the
displacement (in accordance with Doi and Kato's observation) then
the shape of the envelope is of the form indiocated by curve A
in Figure 6. A leading cutting force results in an envelope
of the type of ourve C, curve B being the transitionsl case
when force and displacement are in phase,

An experimentally determined stability chart is shown in
Figure 7. In that figure unstable combinations of the depth
of out and the rotational speed are marked by dots. Comparing
this figure with Figure 6, it 1s clear that the form of the
stability envelope leads to the conclusion that the cutting
force must have been leading the dynamic displacement.

34 Correlation.

These two groups of tests have led to confllcting results;
the first group measured a force lag while the regenerative
ohatter tests deduced s force lead. Since this phase effect
can be of dominsting importance in machine tool chatter it is
necessary that more should be learnt with a view to improving

chatter prediction and machine performance,
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he Main Tests.
s Apparatus.

Previods experiments on dynamic forces have been restricted
to a narrow range of cutting conditions and oseillation f'requen-
oles. o obtain a clear picture of the mechanisms involved it
was necessary to experiment over a wide range of conditions and
frequencies; the rig sketched in Figure 8 was designed for this,

Although luthe turning was being investigated it was found
more convenient to carry out the tests by mounting specimens on
the arbor of a rigid knee type horizontal milling machine while
the ocutting tool, with its associated suspension, damping,
excitation and measuring systems, was mounted on the miller
table. This setw-up gave high machine rigidity and ample room
on the tabls for apparatus.

The cutting tool was held on the dynamometer by straps
which for elarity are not shown in the sketeh, The dynamomcter
was supported by vertiocal leaf springs which allowed it to move
horizontally but not verticelly so that tool movement gave chip
thickness variation but no change in surface cutting speed,
Under these conditions, since mechanical damping in the leaf
springs wes very low, viclent chatter occurced at nearly all

cutting conditions, It was found in practice lmpossible to use
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any passive damping system such es dashpot, rotary silicone
damper or eddy current method since the combination of high
frequency, low amplitude and large forces made any passive
system inoperative., An active system was finally adopted,
using a standard velocity pick-up whose signel was amplified
and fed into eleotromegnetic vibrators arranged to oppose the
notion, An additional signal from s separate oscillator was
added to force the test vibratlon required; this composlte
system in which the vibration generators both damp out shatter
and force the required osoillations, reguired far less power
than two separate systems, Under normal experimental con-
ditions the generators can excite vibrations of over 20 "thou'
peak to peak amplitude over & frequency range from 5 to 400
cycles per second; +this range can easily be extended. The
cirouits are arranged so thot any level of damping can be
switched in or out instantaneously during a test run and the
required oscillation can similarly be switched during a run.
The damping cireult forms a closed servo power loop in
which instability is likely unless suitable filters are in-
serted; in practice instabillity at high frequencies limits
the damping to about half critical damping at the dynamometer

resonance at 470 cycles per second.
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For the majority of the tests a two-dimensional light-
welght strut dynamometer was used; Figure 9 gives details of
the dynamometer while Figure 10 gives a view of the dynamometer
in situ, The cutting foreces act on short struts in compression:
two vertical struts take the tangential cutting force and the
single horizontal strut carries the horizontal or normal cutting
foroe, The coubination of a tool and support of low mass with
gruts of high stiffness of 2 x 105 1b./inch, gives & natural
frequenoy of above 6000 of s.

This type of dynamometer was chosen for the tests because
it has a low total mass, high rigidity, low frontal area, low
inertia corrections and easy damping control by use of the side
plates, which in addition to carrying the elctrical connections
and protecting the strain gauges give frictlon damping of the
head, This type of dynemometer is not suitable for steady
state force determination as heat from the outting process
slowlylraises the tempersture of the live gauges and gives a
Zere d.lr‘if"t.

L2 Measurements,

The vertical and horizontal forces were measured using con-
ventional wire strain gauges on the dynsmometer strubs while the

horizontal displacement of the tool was measured using similar
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strain gauges on the vertical leaf springs. The gauge strains
were measured using standerd sensitive alternating current
strain gauge bridges, The carrier frequency of 6 kilooycles
per second, allowed measurement up to frequencies of 4 kilo=-
cyele; the sensitivity range ailewed measurement of forces as
low as 1 pound and deflections of one hundredth of a thou;

the maximum capacity of the dynamometer was approximately one
ton and deflections up to 20 thou, could be measured.

A standard seismic torsional pick-up attached to the end of
the arbor gave continuous monitoring of any torsional vibrations
in the workpiece, Figure 11 shows a torsional output curve for
the maohine when running without load; each peak corrvesponds to
excitation at a gearshaft frequenocy. When experimenting, the
frequencies corresponding to these peaks were avolded.

Similarly Figure 12 gives the machine response to horizontal
excitation. Machine resonances, i.e. the peaks on this curve,
were avoided; away from resonances it was possible to correct the
observed test results by allowing for the machine deflections.

The outputs from the gauge bridges were fed either directly
to an oscilloscope or via a band pass filter, Since the output
from a band pass filter can vary in phase and smplitude relative

to the input signal, whenever the frequency changed the phase and
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amplitude weve reset to give a 4:1 amplitude ratio and exactly
180° phase change, |

3ince cutting forces vary greatly in amplitude and phase and
have high noise levels, standard phasemeters cannot be used,
particularly since some tests must last less then & tenth of a
second, It was necessary to film the test resulis from the
oscilloscope screen and analyse them later, At low frequencies
the force and displacement traces were filmed on a base of time
while at high frequencies the force was displayed on the X~axis
and the displacement on the Y-axis, giving a Lissajous ellipse,
Appendix 2 gives the methods used to measure the phase angles
from the traces,

For some tests it was possible to determine curves of mean
force against chip thickness; e typical curve is shown in Figure
133 the slope of this curve at the relevant chip thiclmess gives
the stiffness corresponding to a zero frequency oseillation,

“hen testing, conditions were allowed to stabilise for at
least five seconds, This ensures that the cnip thiclmess 1s at
the correct value and that tool temperatures are fairly stable
since temperature stabilisation takes up to a second, The

camera was then started and the foroing oseillation switched on.
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For several outting conditions it was not possible to eb-
tain results, In some cases at high cutting speeds this was
due to chatter involving the whole machine structure; this could
not be controlled by the servo loocp since this merely prevents
the ohatter involving motion of the tool relative to the bed.
Chip instability at medium speeds prevented the establishment
of steady conditions; instead of separating smoothly the chip
appeared to collapse intermitiently giving an irregular ehip
section and large force fluctuations, While collapsing the semnl-
plastic chip acoumulates on the tip of the tool then separates
suddenly. At low cutting speeds, particularly with heavy outs,
there is a large built up edge, giving low horizontal force
amplitudes and high noise levels. Even using filters, the
rendom fluctuations are so large relative to the fundamentael
force that measurements are not possible,

43 Experimental Resulis.

Although Doi and Kato expressed their results in the form of
a lag of force behind displacement in terms of time, l.e. a8 a
fraction of a second, this method of presentation is not suitable
when & wide range of freguencies is under considerstion, These
test results have been plotted in terms of the phase angle between

force and displacement,
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The results have been given as & plot of relative phase
angle between force and displacement against oscillating fre-
guency for the normal and tangential forces. Similarly the
amplitudes of the ocutting forces have been plotted against
frequency. The results are given in terms of a dynamic cutting
stress which is the ratio of the increcse of force to the in-
orease of chip area, Though tangential 1,e, vertical forces
are not of primary interest in regenerative chatter, recording
of these forces leads to a better understanding of the mechan~
isms of phase change,

For some of the teats, partioularly the low surface speed
tests, two curves of force amplitude are given, The higher
stress value corresponds to Figure 14(a) when an initially smooth
surface is being out by an oscillating tool; the lower value
corresponds to Figure 14(b) where the surface generated by 15 a)
is removed by a stationary tool. Tt was not possible to
measure phase of force relative to chip thioclmess in case
14(b),

A standard commercisl grade mild steel in the as received
condition was used for all tests; mno coolant was used.

Tn all these tests there was no observed change in the mean

force level when the oscillation was switched on,
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For analysis of results the values of the shear plane angle
and the effective rake angle are required, The effective rake
angle oan only be measured by taking microsections of the chip and
built-up edge after instantaneous stopping, as in Heference 11
the necessary apparatus and experience were not available so no
estimotes could be made, The shear plane angle can be measured
rather elegantly by vibrating the tool at a known frequency, giving
a chip thickness variation; the wave spacing on the chip will
then give an accurate measure of the chip velocity, Comparison
of the chip veloolty and the cutting velocity glves an accurate
value for the shear plane angle; see Shaw (44). This method
was used on some tests but it was found that the shear angle
varied widely for no apparent reason so no further chip measure-
nents were wade,

Fipures 15 and 16 show typilcal test traces as recorded on the
35 mm, oscilloscope camersz. The derived results from such traces
are shown in Figures 17-25; [Pigure 26 was extracted from the
preceding figures to allow comparison of the effects of change of

cutting speed and chip size.
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5. Low Frequency Tests.

5.7 Introduction.

In addition to the main set of tests using an electro-
magnetic control of the tool vibration, a series of tests at
low frequency using a mechanical system was attempted.

5+2 Lpparstus.

The rig was similar to that used in the main series of
tests except that a cam was used to force the oscillation in-
stead of an electromagnetic vibrator, A standard electric motor,
coupled to a rolling ball infinitely variable gear, drove a bevel
reduction gear on which an eccentric cam was mounted. The can,
rotating at speeds between 3.4 and 25 revolutions per second,
drove a roller on the rear of the dynamometer block, forcing the
blook to oscillate on its supporting leaf springs., Force and
displacement were measured, as in the other tests, by strain gauges.

5.3 Results.

The force phase angles derived from these tests are given in
Figures 27 and 28 for the vertical (or tangential) and the hori-
zontal (or normal) forces respectively, In these tests, as in
paragraph 4.2, high noise levels and small horizontal forces
associsted with large built up edges made it impossible to derive

results in some cases, Rig limitations restricted tests to four
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or five points for each cutting condition se that, allowing for
the large random variation in the results, it was not possible

to determine trends from this narrow frequency range,
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6+ Intermittent Cutting Tests.

644 Introduction,

The object of these tests was to examine the cutting forces
under conditions similar to those encountered in milling cuts.
Typically when face milling, a given tooth cuts a chip of nearly
constant thickness for a quarter of a revolution then does not
cut for the remainder of the revolution,

Since face milling is probably the most common industrial
method of removing large quantities of metal rapidly, it is of
oconsiderable economic importance to determine whether chatter
stabilisation effects, i.e. lsading phase angles, occur at the
start of a cut. In all previous tests at least 5 seconds of
cutting had been allowed to glve temperatures and hence cutiing
foreces time to reach equilibrium before starting to record.

In thesetests records were made of the forces at the start of a
cut of constant chip thickness. Since a cutting tooth may only
be in contact with the workpiece for a tenth of a second or less
it 1s the first tenth that is of interest,
6.2 Apparatus.
The rig used for intermittent tests was fundamentally

similar to the rig described in section Ll
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A standard 20" Avchdale mill had a specimen mounted on the
arbor while the cutting tool and its control and measurement
equipment was mounted on the table of the machine which ocould then
be used as a lathe., The specimen was a segment of a disc so that
ocutting only occurred for approximately half a revolution. A
general view of the rig is shown in Figure 29 while Figure 30
is a sketeh of the dynamometer and suspension system.

In this dynamometer the vertical leaf springs or struts were
used both as the tool suspension units and as measuring elements,
instead of using & set of struts for messurement purposes and a
separate set of leaf springs for suspension as in the previous rig.
The use of this system together with inductive pick ups instead of
strain gauges, was dictated by the availability of equipment.

The vertical force was measured directly by the central
vertical inductive pick up which measured the vertical deflect~
ion of the head, due to the shortening of the support struts
under load. The horizontal force is the vector sum of the
support stiffness, demping, and inertis forces reqguired to move
the head of the dynamometer and the applied force from the electro-
magnetic vibrator on the left.

The combined damping and excltation force from the vibrator

was measured by the capacity force pick up between the vibrator
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spindle and the dynsmometer head, Oscillation without cutting
then gave the force required to oscillate the dynamoneter head:
this force varied in amplitude and direction as the freguency
changed., Figure 34 gives a cross-section of the force pick up,
vhich was modified from a Cambridge design., The displacement of
the head wes measured by the horizontal inductive pick up.

Both inductive pick ups and the capacity transducer were used
with standard commercial frequency-modulated gauge oscillatoxr
systems, The reactive element forms part of a resonant cirouit
s¢ that a change in reactance gives a change in resonant frequency;
this frequency change is detected by frequency discriminator
elrcuit comprising two circuits tuned to frequencies slightly
above and below the oscillator frequency. The difference in
output between the detector oircuits is a measure of the pick up
reactance change,

The control and excitation cirouit was similar to that
described in Section 44i. In this case however the damping
8ignel was derived from the horizontal inductive pick up.
3ince this displacement signal must be differentisted to give a
damping force proportional +o velocity, the signal from the pick
up was fed through a condenser to the virtual earth of the adding

amplifier, A small series resistor was also required on the input
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to prevent instability in ‘the suplifier,

The output of the amplifier, which was the sum of the
damping force and foreing signal, fed the power amplifier via
an impedance matching network; the amplifier output was ocon=
nected directly to the electromagnetic vibrator which could
glve 140 1b, force peak to peak., Figure 52 gives a girecuit
diagrem and Figure 33 gives experinentally deternined dyna=
mometer response curves with, and without, the damping cir-
ouit in operation., Care must be taken when setting up such a
cireuit since the load impedance on the output of the frequency
nodulated amplifier units is dominated by the impedance of the
measuring equipment; change of recording amplification and hence
impedance also changes the servo loop gain and can give instab~
ility or insufficient danping.

6.5 Measurements.

An ultra-violet, direct-writing, twelve channel recorder
was aveilable for these tests; four channels were used with
nominelly identioal fluid damped galvonometers of 500 o/s.
natural frequency, Since the galvonometers were of low im—
pedance (1less than 100 ohms ), series resistors were used to raise
the impedance and to set the effective recording amplificatlon

+o a sultable value, The four channels reocorded werei-
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(1) The displacement from the horizontal pick up

(ii) The vibrator force from the capacity piok up

(133) The vertical force from the vertical pick up

(iv) The displacement, coupled via a condenser and resistor
and amplified %o give the reference trace used for phase
determination,

The force amplitudes and directions were determined from the

traces using the methods desoribed in Appendix £, 4 typleal vector

triengle is shown in Figure 34, The difference between the ob-
served force when cutting and when not outting gives the net
cutting force. The displacement is the difference between the
observed displacement and the machine displacement, determined by
& resonance test of the machine., All machine vesonances were
avoided when testing., Figure 35 gives the response curve of +the
machine, Since machine deflections are small, they can in most
cases be neglected; at the start of a cut transients will intro~
duce errors,

Both horizontal and vertical forces were recorded but the
results obtained for the vertical forces have not been given

becauae; -
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The alternating vertical forces were small relative

to the steady state value and hence the noise levels
which increase with the steady state force were larger
than the signsl teing measured, VWhen random fluctua-
tions are larger than the fundamental signal it is not
possible to measure phase or amplitude accurately,

The vertical deflection measured by the pick-up 1ls the
sum of the vertical deflection of the struts and
verticel distortions of the top of the dynamometer,
This distortion is due in part to the cutting forces
and partly to the siresses induced at the tops of the
supporting struts., Unfortunately the head distortions,
though not as large as the strut deflections, are in-
determinate in amplitude and phase so that the observed
vertical forces are not reliable, DMNModification of this
dynamometer to improve the vertical measurement was not

considered feasible,

As the previous tests had indioated that changes in the vert-

ioal forces were of secondary interest and vertical forces do not

influence simple regenerative chatter, lack of vertical phase data

was not considered important,
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6.4 Results,

A typical test record is shown in Figure 36. The results
derived from these tests are given in Fipgures 37-45.

Figure 37 shows the variation in the horizontal cutting force
for a particular cutting condition while Figure 38 shows the
corresponding phase angle plotted sgainst vibration frequenocy;
this phase angle is the angle by which the horizontal force
leads the chip thickness., The points plotted are the result
of taking the average of up to fifty points in the "steady state"
l.e, after allowing cutting conditions to stabilise, The
cutting forces are expressed as a outting stiffness glven by the
increase in force divided by the increase in chip area.

Individual points on Figure 38 were investigated in detail
to see how the phase angle varied at the beginning of a cut,

The phase angle each cycle was determined and the resulits are
given in PFigures 39=42; the derived phase angle is plotted
against the particular cycle after the start ol the constant
chip thickness cuts; since the frequency is constant, this
scale 1s also a scale of time after the sitart of a cut,

As a contrast to the results obtained at low cutting speeds
(60 feet per minute surface speed), Flgure 43 glves results ob-

tained at 300 feel per minute surface speed with an oscillation



SS'H O\ MOG L
L

Uvﬂ.nvnv S FOFE AVRD

kKl

WAy 09 4908
. - S
9% D14 QY¥O>3W 1S34A om
fal
Thid LN3A B3 NG .L.w
BrLLAAD 0 AnD ON
< BWIL 2
ANIGWIEIDIIIaSA
J(\
: Iy
‘-’\‘ /
A >
2
m :
= ,
w r
< Bl
= J\ 5 o
73 A o
m 1 m
o}
=
4 ’
wm h i T
Mim /
A
O
m




27,

frequency of 135 c.pes. and a range of chip thickness.

At the start of a cut, neglecting oscillation effects the
Porece rises to a value above the "steady state" value and then
decays approximately exponentially to the "steady state". The
rgtio between the maximum and the steady value of the horizontal
force has been plotted as a function of chip thickness for
several outting velocities in Figure 44. The corresponding
decay time constants are given in Figure 45; +the figures quoted
are not to be taken as acourate since the decay curves are not
exponential and the figures have not been corrected for dyna-

mometer response effects,
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7. Main Trends of Resulis,

As can be seen from the results, as the frequency incresses
the lag of force hehind displacement chserved by Doi and Kato
decreases to zero, changes sign, and becomes the lead deduced by
Tobias,

It is not easy to generalise from such varied results. The
main trends, neglecting the results from the high reke tools, which
give exaggerated results, can conveniently be divided into high
and low freguency effects,

At low frequencies the forces lag behind the displacenent
for all conditions exocept high cutting speeds where this effect
cannot be seen, Force amplitudes are reduced from the atatic
value and thers is no deteotable difference between the cone-
ditions ocorresponding to Figures 124(a) and (D),

At high frequencies large angles of lead ocour, Low
cutting speeds give a large phase angle between horizontal and
vertical forces with a corresponding increase in the amplitude
of the horizontal force; +this effect increases with frequency.
High cutting speeds again give high horizontal force phase leads
but less force increase end there is not a marqed inorease in

the phase between horizontal and vertical force.
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At a given typical chatter frequency such as 100 o/s. the
normal force phase lead tends to decrease as the cutting speed
increases,

The effect of incresse of chip thickness is indeterminate.

The shape of the curves obtained for the "steady state" con~
dition from the "intermittent" rig Figures 37 and 38 agree gquali~
tatively with those obtained in Figure 17; close agreement is

not to be expected since tool material and cut width dlffered.

The detailed "intermittent" tests in Figures 39 and 42 suggest

that at low cubting speeds and high frequencies a cool tool gives
lower phase leads at the start of a out but at low frequencies
the random varistions are so large that no effect can be dis-
perned,

bt high cutting speeds, and high frequency (Figure 43) the
phage angle does not vary., TFor small cuts it is remarksbly
steady; as the depth of cut increases the noise level increases

greatly but there is no steady trend at the start of the cut.
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8. Suggested Causes of Phase Changes.

841 Introduction.

There is apparently little correlation between the results and
there i1s no one simple trend which could be explained by one
mechanisn, However, logicel explanations for the cbserved results
can be proposed, though such explanations are qualitaetive rather
than quaentitative., It is simpler to consider the results with
reference to the suggested causes of phase ohange,

The cutting process is so complex that there are invariably
several factors affecting any observed results, In the following
discussion the nomenclature of Figure 46 { following Merchant (9))

will be used, The shaded sector is the cutting tool while the
workpiece, on the left, is moving vertically downwards, The
relationships on the left are obtained by differentiation of the
expressions for the forces and give the force change due to any
ohange in tool take angle ¥, shear plane angle ¢, frietion angle p
or cutting direction .

Although work by Folmer end Oxley (10) consider a outting
process in terms of a field of work-hardening plestic flow, their
work was cerried out atb such o low speed of half an inch per
minute that their results are not appliceble, Inspection of

microsections obtained by Heginbotham end Gogla (11), shows thot
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et the higher cutting speeds, chip shear is ocourring substen-
tielly in a single plane so thot it is legitimate to use Merchent's
epproach, At low speeds, associated with large bullt up edges,
use of Merchent's approach is only justified by its convenience for
analysis, It is of oourse important thet when there is e bullt
up edge the effective rake angle is not equal to the nominal
tool rake angle but is an Y"effective" value dependant on the shape
and size of the bullt up edge.

The basic assumptions thet have been made and the consequent
deductions are listed below.

8.2 Viscosity Effect.

The basic assumption is that the "friction" between the chip
and the tool rake face is proportionsl to velocity so that it
behaves ans & viscous damping force rather then es a "dry" friction,
Since the material of the chip, at high temperature end yleld
pressure, is in e semi-plastic state this is a ressonsble assump-
tion,

Appendix 4 gives the derivetion of the expression for the
horizontal dynamic cutting forces the tangent of horizontal
force phese angle is proportionsl to the frequency and inversely
proportional to the cutting speed so thet this effect will be

most noticeable at low speeds and high frequencies as in
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Figures 17 and 18 which should be comparcd with Figure L7
which corresponds to the expressions derived in Appendix L.
This effect will not occur with the Pigure 14(b) type of chip
thickness veriation,

The effect of these "friction" changes ils much smaller
on the vertical force than on the horizontal 1f' the effect~
ive reke angle 1s small but is epprecieble with large built
up edges.

8.3 Friction-Temperature Effect,

Tor the mechanism the important varisble is the temper-
ature of the ohip-tool rake interface where semi~plastic
sliding is occurring. The tfpiction” at this interface will
be offected by temperature as well as by reletive velocity.
The chip strength and hence the observed "friction" will
deorense os the temperature rises, It is not possible to
determine general tool temperature distributions under vib-
rating conditions snalyticelly but individusl conditlons cean
be solved by rather laborious time-relaxation methods as shown
in Appendix 7. Quelitatively the effect is to give & hori-
zontel force phase starting at zero, riging to & maximum, then

decreasing as the frequency risesy sec Figure 48,
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Unfortunately the "constants" required to give a quanti~
tative check on this mechanism are not available since thew is
no information concerning the dependence of high strein rate
shear strength on temperature at typical cutting temperatures
and pressures, Also in practice there is e low speed "bound~
ary layer" of metel moving relatively slowly along the top
face of the tool giving shear over a finlte thickness of the
okip, The problem is enalogous to fiuid flew in thet a
knowledge of the veloeity profile would be required for drag
estimates, [gein the vertical force effects are similar but
very much smaller,

At low cutting speeds heat conduction to the tocl and
workpiece is such that the chip-tool interface temperature
will be comparstively low. At low temperstures, awey from
the metal softening temperatures, the shesr strength will be
less dependant on temperature so thet any observed effects
would be small, This phase change should occur with both

1h(a) end (b) chip thickness variation.

The preceding effects were concerned with the chip-tool
interface and hence principslly influenced the horizontal

foroe} the geometric effect concerns the shear plane and so




Sk,

affects both horigzontal and vertical forces.

The basic assumption for this effect is that the power
required in cutting is proportionel to the volumetric rate of
metel removsl, This assumption is true to & first order in
steedy stote cutting and is the basis of machine cutting
capacity calculations, Then applied to vibrating conditions
it is important to reelise that the instantaneous rate of metel
removal is not simply proportional to chip thickness, due to
the inclinetion of the shear plane, Appendix 5 gives the
derivetion of an expression for the instantaneous rate of
metal removsl, hence the verticel force and assuming a con-
stent coefficient of friotion, the corresponding horizontel
force,

The effect is similer to thet in section 8,2 but is
amaller and affects the horizontel and vertical forces equally,
The corresvonding expression for 14{b) cutting shows that there
vill be no increase of cutbting stiffness but phase effects will
be similar.

8.5 The Built-up Fdege Effect.

This effect sarises from the inability of the built-up edge
on the tool to respond instentaneously to ocut veriationsy the

size end angles of the builteup edge very greatly with change of
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chip thickness but ittakes an appreciable time (see Section
6elry Figure 45) for the built-up edge to reach equilibrium,
Consider points H and C in Figure 49, vt point H the
400l has been cutting o lerger then average chip for a con-
sidereble time, sey of the order of a tenth of a second, and
is thus st & comparatively high temperature,  This high
tempereture will tend to give a small built-up edge, hence a
low effective reke angle and corresponding high forces.
At €, efter a light cut, the cool tool will have a high built-
up edge, high effective ralte angle and henoe low forces,
Thus though the chip thickness is the same ot H and C the
foroes will be higher at H, Expsnding this line of reason-
ning to the remeinder of a cysle gives the result thet e lag
of force behind displecement i,e. chip thickness, will be

observed, The exact leg observed will depend on the thermal

properties of the tool, the size of the built-up edge and the

rate st which the built=-up edge cen slter its shape. At high

frequencics it will be impossible for the edge to respond guickly
enough to cutting changes and so no effect should be observed.

A% high cutting speeds there is no bullt up edge and this effect
will not occur, ‘Vhether the chip thickness veriation is caused

by 1h(a) or {b) cutting, the thermel effects and hence the
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are shown qualitatively in Plgure 51, The actuel values of
the observed lag depend on the machine characteristics, the
particuler cutting conditions end the cutting ferce charsoter-
isticas as & function of surface speed, The effects of this
mechenism are normally very small end the effect 1s swamped by
the built-up edge effect., At very high rotationel speeds the
effective moment of inertis of a machine is small and this
ef'fect may be comperable in size with the built-up edge effect,

8.7 Tool Bluntness,

The effect of oscillating e blunt tool will be to give in-
creased forces, meinly the horizontal, when the tool is travell-
ing into the workpiece., This effect would be importent prin-

cipaelly at low surface cubting speeds. The observed effects on

phase engle and smplitude would be non-linear but similar to those

of the "viscoslty" effecty +they would probably be much smaller
end hence difficult to detect, In all tests the tool wes kept
sherp and no attempt was made to Lnvestigate the effects of
bluntness, When there is =z built-up edge, this will give a
similer effect to that of tool bluntness since both give o flat
on the tool clearance face,

8.8 Mechonism Breakdown.

A% very high frequencies some of the previously discussed




38,

mechenisns become very small, Effects 8,3 and 8,5 which are
dependant on temperature fluctuations tend to zerc at high
frequency as the temperature changes tend to zero, Torsional
effects as in 8,6 are also small et high frecquency.

Effects 8,2 and B.L theoretically give foroes which in-
crepse continuously with inerease in fregquency while the
phese will approach 90° at high frequency., VWhen the frequency
of vibration spproaches that corresponding to the "shear plene"
spacing the "geomebtric" effect must bresk downy the effect of
vibration mey then be to control the "shear plane" spaoing.

There is no apparent reason why the "viscous" effect should
break down at high frequencies, In practice however if the
"viscous" damping stiffness becomes very high at high freguencies,
any test results will measure the local elastic deflections of
the tool and workpiece rather then the very small tool-chip
relative deflections.,

8,9 Other DIffects,

It has been suggested by Doi snd Kato (5) that there is an
inherent lag effect in the outting process i.e. the shear plane
mechanics,  Any such effect, if it exiged, would not be easily
detectable, At a cutting speed of LOO ft./min, with a 5 thou.

depth of cut the total length of the sheer plene corresponds to
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e time of sbout one tenth of a millisecond; et 100 c,p.s. this
correspondas to only 30 vhase chaonge,

Tobias and Fishwick {2) suggested thet inoreased penetra-
tion of the tool into the workplece and change of effeotive
reke angle with pesetration would alter cutting foroes. Re-
ferring to Figure 46 the effect of change in divection i,e.
change of o, end change of reke engle y can be oslculated from
the expressions piven. Unfortunetely if account is also taken
of the corresponding shear angle chenge the net change in force
is zero, This, though at first surprising, cen be seen from
the originsl force diagramy +the direction of <he force is un-
sltered since this is controlled by the friction angle and the

smplitude is controlled by the shear plene which does not move,




9. Correlation of Results and Theories,

9s1 Belevant Cutting Conditions.

In general, in s cutting process there will be several
mechenisms operating simultaneously to affect the ohserved
vhase engles, Since torsionsl mechenisms can be negleocted
for this set of experiments snd the tool was sherp, the rele-
vant thecries are the viscous, friction~tempersture, geonetric,
end bullt-up edge effects with the possible addition of mech-
enism breakdown at high frequencies,

Separating out these effects, the viscous and geonetrio
effects are high~frequency, low speed effects, the friction=
temperature effect is & moderste and high fregyuency effect which
should exist a% the higher spesds, and the built-up edge effect
should ocour ot low and moderate speeds and low frequency,

Only st high cutting speeds will there be just one of these
effects since only the friction-temperature effect can be
appreciable at high speeds,

2.2 Vertical Forces,

The geometriec effect and the built~up edge effect are of
primary importance for verticsl force phase effects, At high
speeds ag in Figure 23 the vertical phase angle is small as the

built up edge does not exist and the velocity is high so thet
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the geometric effect is negligible,

Low speed results as in Pigures 17 and 18 show & vertical
phase engle which remains negoative and smell over the experi~
mentel renge though moderate speed results as in Figures 21 and
22 show a lead at high frequency, The estimated phase angles
due to the "geometric" effect are, typically for the cutting
conditions of Figure 17, a force lead of the order of 50o at
200 c.p.s, which bears no relation o the observed angles,

S50 at low speeds it gppears that the Merchant approach of
assuming e plane shesar, lesading to the "geometric" effect,

does not apply end plastic £low theories must be used, Under
these conditions the builtwup edge effect appears to persist,
elthough smell, to a high frequency, The wide divergence be-
tween the vertical phese angles in Figures 19 and 20 is &iffi-
cult to explaing the increase in depth of cut should increase
any "geometric" effects but sypesrs to accentuate built up edge
effectss The low frequency vesults in Figures 27 and 28 show
no distinet trends,

Thus for the verticel forces though phese angles are in
qualitetive agreement with “"geometric! theory at high speeds
there is no satisfactory correlation at low speeds and there

is littde consistency in the effects which are presumed %o be




due to the bullt-up edge.

9.3 Horizontal Forces.

A%t high speeds the temperature~friction effect is the only
mechanism that can effect the results apprecighly so that the
results in Pigure 23 should be principally due to this effect
since even the viscosity effect should give only 6° phase change
gt 300 c.p.s. Since there ls no built~up edge at this speed
there should be no low frecuency force lagy rig limltations
precluded tests below KO ¢, p.s. but there is no indication in
the results that the phase lead will go negative below 40 c.p.s,
There is no indication of a maximum in the curve but the
position of the maximum cannot be estimated reliably so a
maximum may ocour cbove 350 c.p,s. &t this frequency the
temperabure osoillatlions will only penetrate about 10 thou, but
the emplitude of the tempersture variations will still be of the
order of 400°F,

Low speeds ellow 81l effects to exist end the separation of
effects is difficulty however any geometric effect does not give
a phase change between horizontel and verticsl force and since the
ohip is cool the friction~temperature effect should be smsll,
This leaves the viscous and the built-up edge effect as the dom-

inating factors et low speed, Comparison of Figures 17 end 18
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with Figure L7 shows good qualitetive agreement for viscous
ef'fects except at low frequency where bullt up edge effects
distort the results, Of course, accurste quentitative sgree-
ment is not possible since the main "constents" in the ex-
pression, i,e, the shear plane angle, effective roke angle and
angle of friotion, are not knowny the agreement between theory
and experimental results is within the range of experimental
BYT0r. The difference in force level between the osecillating
end oleaning cuts, i,e, Figure 14{a) and (b) cuts, supports

the view thet this is & viscous or tool bluntness effect rather
then o temperature variation effect,

The low frequency effeects, presumed due to the built-up edge
show no congistent trends? Figure 42 glves an idea of the random
nature of the results, Increagse of speed or feed will change
temperature distributions and hence reduce the gize of the built~
up edge and hence the effective relke angle and increase the
interface temperatures and hence decrease the efflective friction,
These two results will have opposing effects on the steady hori-

zontal force and may increase or decresge the observed phase

angles since the built up edge will be smaller, giving lower phese

effects, but at a higher tempersture, and hence likely to reapond

more quickly, glving lsrger phase effects.




9.4 Intermittent Forces,

4% low frequencies and low speed there 1s such a large
random variation in the observed phase angles that any trends
are completely masked, while at high cutting speed 1t was not
possible to record sufficient cycles, At high frequency
and high speeds as in Figure 43 there is remarksbly little
change in phase engle, indicabing that temperature stablili-
sation mist occur within 3 cycles, i,e. within 20 milliseconds,
At low speeds, Figure 40, there is a reduction in phase angle
at the start of the cut! +the mesn phase initially is only about
half the phase sfter stebilisation., The viscous effect is the
dominating effect at this frequenoys as the tool tempersture
rises the built~up edge will decrease, loweriag the effective
rake angle and hence decreasing the sheer plane angle which in
turn will increase the visoous effeoct, Aso es temperatures
rise, the greater plasticity of the metal gives a "friction”
which is more velocity sensitive,

9.5 High Reke Angles,

The results in Figures 24 and 25, using o 500 reke tool show
quadrature force effects in an exoggersted form,  The signific-
gnce of the high rske angle lies in the foot that the horizontel

force is wvery smell when (p ~ ¥) becomes small? see Figure L6,



b5,

Thus in Figures 24 and 25 the horizontel in-paase force 1s
very smell at all frequencies other than zero and the observed
Porce is almost & pure demping force whose amplitude increases
with frequency., This corresponds to the effect to be expected
from e viscous friction mechanism,

The lerge difference between the steady stote stiffness and
that at low frequency gives an idea of the domineting effect the

response of the built~up edge has at low frequencies,
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10, Effect of Thase Chenges on Chetter,

10.1 Chatter Critorie.

Basiocally, eny lead of horizontsl force relative to tool
displacement gives a damping force and will give increased
stebility in the machining process while any leg will corres—
pondingly tend to instability.

In the expression derived in Appendix I the phase ohanges
simply elter c! and hence v!, Increase of cut damping or
machine demping hsve the same effect of increasing the permiss-
ible cutting stiffness k and hence increasing mechining capacity.

For the full snelysis of chatter, the methods of Toblas and
Fishwick (2), Tlusty and Polacek (3) or Gurney and Tobias (4)
should be used, These methods must be used when there is more
than one degree of freedom and when there is a small number of
oscilletion cycles between successlve cuts,

The method given in Appendix I pives the worst possible case
for a single degree of freedom gystem end is convenient for con-
siderstion of phese change effects, The result may be simply
expressed a8

kr::(c +0ol) w
This cen be derived easily from a vector force triangle since

spring and inertia forces cancel at resonsnce leaving the exclting
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force equel and opposite to the total damping force from machine
end cubting process,

10.2 Unconditional Stability.

There is & speciel case which is of particulsr interest,
This is the condition where the cut damping we'! is equal to or
larger than the forcing stiffness kr; when this ococurs the system
will be steble even when there is no machine damping i,e. ¢ = O,
This condition occurs in practice in the test results when the
quadrature damping force from Figure 1h{a) ocutting exceeds the
foreing force from Figure 14(b)} ocutting, This ocours in Pigure
47 above 110 ¢,p.s., in Figure 18 above 75 c.p.8., in Figure 24
asbove 40 c.p.s. and in Figure 25 sbove 30 c¢.p.s. The theory
thus prediots thet for these rsnges chatter will be impossibdle,
Such a prediction is surprising and so was tested experi=~
nentally, The cutting conditions were those of Figure 17 with
a mechine natursl frequency of 150 c¢.p.s, The machine damping
was set to zmero by reversing the polarity of the damping cirouit
and adjusting the gain till sny disturbance oscillated indefinitely
instead of dying away. Vhen cutting no chatter occurred and
external disturbances were repidly demped out by the heavy demp=-
ing in the cutting process. This verified the predidion which

sennot be deduced dy sny theory which assumes thet force is in




phase with chip thickness,
10.3 Effect on Stability Chart.

Even though this "unconditional stability” oriterion cannot
usually be obtained, a phase lead of 270 i.e. tan™ % will make
clw half kr and hence double the chatter-free capacity of a
mechine tool,

Conversely when the demping is negative, if ¢ + o' tends to
zero then the cutting capecity will be very small., TFhase changes
will thus raise or lower the stability envelope (Figure 6),

The shape of the stability envelope depends on the veriation
of damping i.e. phase change, with cutting wvelocity and depth of
cut, The effects which sare important at low surfece speeds and
noymel nilling chatter frequencles are the "viscosity" snd the
"geometric" effects in which the demping force is proportionsl
to depth of cut and iuversely proportionsl to cutting speed.

These were the fundamental assumptions mede In the vprevious work
(8) on chatter band theory; this explains the good agreement be-
tween theory and experiment iﬁ this work.

For high speed mschining the prineipal effect is the friction-
temperature effect which ias less sensitive to speed and cut depth
changes, Thus the damping is constant and the stebility bands will

be bounded by a straight line similer to line B in Figure 6,
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11. Effect of Dynamlc Cutting on Tool Life.

1L aEEy

111 Iemperature Veriations,

Under heavy chatter conditions the 1life of & cerbide tool is
very short as cracks appear on the reke face and tip frecture occours,
It 1s diffioult to explain this rapid breakdown purely on a bagils
of stress varlations since the pesk loads involved are not suffice
iently high to cause fracture and the number of stress cycles
involved is too low for fatigue effects to be appreciable,

In Appendlx 7 rough estimates are made of the temperature
fluctustions at a particular point on the rake face of a tool for
typical chatter conditions st high cutting speedy the friction=
temperature phese effect depends on these temperature fluctuations,
The figures obtalned for the temperature varietions are rather
startling, The bulk temperature i.e. the mean temperature of' the
first © thou, below point P fluctuates by epproximstely 160°F for
a typlical chip tempersture 1000°F ahove amblent, The temperature
swing of the surface layer is probebly much higher then this}
when the chip is not in contact, the surface temperature will be
of the order of 500°F above ambient but when the surface is being
scrubbed by a high velocity hot chip the temperature nay approach
the chip temperature, The surface temperature swing may thus be

of the order of LOO°F,




1142 Thermal Stresses.

Such a temperature varietion will have disastrous effects
on the tool, since the thin surface leyer will be physicelly
restrained by the remeinder of the tool, There is no in-
formation available on the thermal expansion and modulus of
carbide mixbtures et this temperature but substitution of the

corresponding figures at room temperature gives an idea of the

thermal stresses involved, A modulus of 77 x 106 1b. per

square inch, sn expension coefficient of 3.5 x 10~% per °F with
a temperature swing of hOOOF correspond to a thernal stress

varietion of 48 Tons per square inoh, Stresses of this order,

psrticularly if tensile, oscilleting at 100 ¢/s, are very

likely to give surface orsoking since at this frequency it is

not possible for creep in the material to relieve the stresses,

If, during pert of the cycle the tool surfece is exposed
to a high velocity coolant stream at below boiling poind only
1500F shove ambient tempersture the surface layers will be
cooled even more and greater temperature fluotuations will ocour,
Coolant could thus be expeoted to further shorten tool life under
these conditions,
1.3 Yilling,

When lathe turning normally, chatter is not usually allowed
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to develop so that the effects estimated sbove will not ococur,
However the milling process, whether face, side or roll milling,
involves intermittent contact between tool and workpiece with
tool surface cooling between contacts,

It would appear that this effect will contribute to tocl
reke weer in milling even when chatter is not present although
the thermsl shock only ocours once per revolution instead of a
hundred times per second, This is probebly the main cause of
the comperatively low tool life obtained when milling steel

compared with the corresponding life when turning steel,
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12, Digoussion of Resulbs.

The experimentgl results which have been obtained give a

good idea of the dominating effect of cutting force phase changes
on machine ohatter, In most ocases it is possible to stop re-
generative chatter by the use of a sulteble tool giving low hori-
rontal forces or by mechining at low speed so thet high viscous
forces oppese vibration,

The suggested explenations for the observed phase changes are
based on well~known physicel effects and are plausible theories.
The agreement between theory and experiment for the vertical
forces is not good, It seems likely that no theory will ede-
gquately fit the vertical forece results due to thelr rendom
veriationsy relieble experimental determinstions are difficult
in the presence of high "noise" levels, The behaviour of the

built-up edge appears to be the dominating factor in all vertical

force phase changes for mlld steel.

For the horizontal force phase changes the correlation between
theory and experiment is good at speeds where the viscous effect
dominates, Here agein, the bullt-up edge pleys & large part et
low frequency but its effect is swemped by the viscous effect at
high frequency, It is not possible to estimate, even roughly,

the effects of the tempersture~friction effect st high cutting
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speeds so there is no quentitative check on this ef'fect,

There is at present no method of telling how much of the
observed "viscosity" effect is due to friction on the reke face
and how much is due to the bullt-up edge beheaving es a blunt
tool, It seems likely thet it i1s the reke face which provides
most of the effect but confirmetien of this would require
further work,

From the point of view of chatter, all cutting tools should
have high prake angles., This is unfortunstely the opposite to
the requirement for long tool life so in practice a rather Aiffi-
cult compromise must be resched hetween tool life and chatter
stebility, Pach oase will warrant a different solution, depend-
ing on the size of the work batch and the rigidity of the mechine,

Intermlttent outting forces eppear to stabilise very quickly,
particularly at the higher cutting speeds, The effect of the low
tool tempersture at the start of a cut is to reduce any stebilia-
ing phase effects slightly at low cutting speeds but for most
purposes 1t should be sufficlent to use steady cut results when
nilling. The effeot of ocoolant should be pimilar to that of
heving a cool tool,

The dynemio f'orce results obtained glve a clearer picture of

the variaebles affecting the cutting process and so throw some 1light
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on the steady state force values, Probably the best method of
investigating steady state conditions is to cut dynamically, if a
only to determine the variation in shear angle as in seotion 4.3,
The fact thet the forece ageinst chip thickness curve is not
stralght line may be explained by the wveristion in temperature
snd hence "friction" coefficient and built-up edge, The
varlation of chip curvature at the start of a cut and the effect

of cutting speed on curvature may be explained also,
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13, Fugther Work.

In the light of the results obtained and the corresponding
suggested theories, there is a great amount of further experi-
mental work necessary,

43+1 Rig Development.

The experimental range of conditions, though very wide in
relation to previous work, needs to be widened even further,
Tor further work it would be adwlsable to have a rig capeble
of determining dynamic forces at least up to 1000 o/s, and
possibly highery +this would give an ides of the position of
the maximum in the phase curve, if one exists, at high cutting
speeds 1f temperature effects are responsible, A4t low speeds,
high frequency results should allow determinetion of "geometric"
phase changes more clearly and also allow vibration st frequen-~
cles approaching that corresponding to the "ghear plane" spacing.
If & rig can be devised to messure low frequency phase
changes gt high cutting speeds, the results will determine
whether lagging angles at low frequency are assoclated with
bullt=-up edges and hence disappear when there i3 no bulilt-up edge}
such ¢ rig is not esasily designed,

13.2 Workpiece Materisl.

ALl the tests described used mild steel workpieces, Other
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materials such as cast iron, free-mechining steel, brass and
duralumin will have different oheracteristios for bullt-up edge
effects. Tests on a wide range of materials may then allow
separation of bullt-up edge effects from "viscosity" and
Ygeometric" effects. Unfortunately, cest iron does not glve
oontinuous chips so there will be a very high nolse level in
the cutting forces, meking experimental work difficult, With
mild steel it is not possible to test at high outting speeds
with high speed steel tools or using high reke angles since
fallure occursy with workpleces of duradxfn, comparative high
speed tests can be attempted to determine the effects of tool
oonductivity on phese chenge, and the effect of high reke angles,
1343 Tool,

The effeet of tool bluntness, or s high built-up edge cennot
easily be distinguished from a "viscosity" effect experimentallys
cutting with a tool with an artificisal bullt~up edge, with
clearance on the relief face of the built-up edge would finelly
determine which effect was giving the phase change. Such a
tool would be extremely wesk so that a soft workplece would
probebly be required, High productivity cutting usually re-
quires the use of chipbreskers on a tool to allow vasy swarf

removal} the presence of a constraint on the cut chip will alter
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the horizontal cutting forces end hence machine stabllity,
T+ will probably be impossible to estimate the effect of a chip-
bresker but experimental determination of the effects should allow
design of o chip~breeker to give the maximum stebility; egaein,
noise levels will be high with a discontinuous chip,

Since temperature is presumed to have such a large effect
on high speed phase changes, elimination of heat conduction should
reduce, if not eliminate, phase changes., This can be done by
raising the temperature of the tool to approach that of the chip
so that all temperatures sre then constant and large temperature
fluctuations cen then not occury +tool life tests under vibreting
conditions should then be of interest.

13.4 Vertical Vibretion,

To extend any chatter predictlion to two degrees of {freedom or
to the case where a single mode is not normel to the cut surface
it will be necessary to determine the horizontel and vertical
forces for verticsl vibration, Since force phase changes for
vertical vibretion will probebly be nearly es complex as those for

horizontal vibration, a similsr rig will be required.
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the Conclugions,

The experiments described in this thesis and the associated
deductions suggest thet very much more attention should be peid
to the dynamics of the cutting process, In many cases it will
be more economic to alter tool geometry, even st the expenses of
tool life, rather than tolerate low productivity or provide o more
rigid mechine,

The observed force phase changeslove shown the dominsting
effect of the damping in the outting process on the stability of
mechining, In many cases the cutting process damping will be
greater than the machine damplng while in some cases the outting
demping is sufficient by itself to prevent chatber regardless of
machine damping,

Fatimated temperature variations in a tool during fully de-
veloped chatter have been shown to be sufficiently high to couse
tool failure in brititle materdels, It is possible thet the life
of carbide tools under Intermittent cutting conditions mey be
extended ty temperature control,

There is very much more to be learnt aebout the cutting process
but these tests have shown beslc genersl trends of results, The
theories suggested to explein the observations show the aress of

most interest to further work to gain understanding of the peculi-

arities of the cutting process,
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AFEENDIX 1,

Chetter Criterie,

Consider the gimplest possible regenerstive chatter ocsse
i.e. & single degree of freedom where the tool 1s assumed to
have mass M, damping ¢ and restraint stiffness A, The cutting
force is proportionsl the the instantaneous chip thickness and
the tool velocity.

The equation of motion is

L) o - - 1
M2+ ok hx=ml (x) + kx, -o!k
¥here klx is the inphese ocutting force.
erris the foroe due to the previocus cut surface

o' % is the quadrature cutting force,

. ‘e eV n +k
2{+i\ﬁ+ﬁ}f€+—.—ﬁ—-2x=err

This may be written as? Where 2vmb = %
k
2 r
¥ i
x4+ 2 (v +v") w, X+ 0K = ap X, N wgz B Rﬁk

If the diameter is large so that the oscilletion has dis~
appreed by the end of & revolution then at the stert of a
revolution x = ¥ = O,

If & single impulse 18 given at the start of the first reve
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olution then by Laplece or similer methods the solutions

hecomes -

it revolution
- ty,.. "
x:xa(v"'v)sinw‘b.

2nd revolut:@.on

Jk Y v ev) wt
[ © (sin wt -wt cos wt)

l“‘ M. 20\)2‘*(

3rd revolution ( ) ”
k 2=(v+rv')ot o i x . 23 "
%= % [Egle ot ot 2 2 0t cos o
i M, 2w
3 wvev) et
\| o aakin s
r ? ;

'k
x:X:{\—-—-—éj'e ’s:.n wl:'\

',M.Zw s -

Lth reveolution

2 - w2t2}+ cos wh

e}
P

. 3.3
i 5 w 7
5 whb + T’[{

5th revolutlion (v +v!) 0t
©

k- - ; b b
! : d i3s 15 2.2 w't
x =X roie tsin ot -~ wt+ :
e | -7 2L

+ 008 wt |~ %—-5 wt + % w‘a‘a}‘}_}

6th revolution 5 (v +v') wot

k | - )¢,

x =X {/ z 2}3 ‘ sin wt(%é - ; R
§ M, 20 - 5 -
Wt o 63t 7 co5 t3 w5 t '
g + cos wh (— ¥ t—3 Ty ) :

etc,
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For the normel case of a long cut es in planing or large
diameter turning the chatter criterion is simply. that the
mexlmum amplitude should increase., Providing v + v' is small
the condition is for the nth revalutlon,

niml,
1 k W n o\ 1
e

g < 1
Me20" @) \n-1 (v + v')

Thlis as n increases, reduced to!

k
2 (v + vt E;%'X for stebility,

Rewriting this
'
— ) __ﬁ_“r
wM oM w M
o ) s}
ilel

low + olwixk
\0 0 0‘:’ ro

L PE S o Y
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APFENDIX 2,

Fhese Measurement,

Measurement of phese by conventional methods is extremely
difficult when total experimental times are short, amplitudes
very, and there is a very high noise level. Heither the vector
additlon type of phesemeter or the triggered square wave type is
suiteble under these conditions, Two graphical methods were
used for these tests,

For low frequencies and smell phase angles the force and
displecement velues were recorded ageinst time as sketched in
Figure 52, Then consider two waveforms A1 ain wt and Az
gin (ot + @) + B, i,e, of differing anplitudes, relative phase ¢
and D,C, difference B2 , then solving for the polnts of inter~

section of these two waveforms,

A, sin wt = A, sin (ot + @) + B,

This gives two solutions

i + /- 2 > e
gin wt = BZ(A1-A2 cos Q -f/Bz (A1-A2 cos Y-

!

)g \2 2 2’_‘{[2 2 2:{
. 1-A2003¢; + 4, sin ] B, - 4, sin g

(A1-.A2 008 9)2 4+ A2 sin ¢ 2
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Sc the @dfference in height between the two intersection points
is h = A‘i sin _wt1 -A1 sin wtz where u;t1 and wtz are the roots
obteined sbove,

Substituting gives

h=2AA sing/ -QAA cOsd+A22-322 "

2

Ay -2AA20039'+A

This cannot be expressed esslly to give a value for ¢, How-

ever 1f ¢ is near 190° then cos @ may be taken as-1 with

sufficient scourasscy, and

h=2A1.€Lzsinﬁ\/(A + )% -

T - R T 90

<A1 v A

is reasonsbly small ocompared with A, + B, which is

Further if ]32

eanily prrenged experimentally then
2 AA
e S

or sin ¢ A

= 'é%" 1 + 31;) as indicated in Figure 52,
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For lerge phase angles e.g. 300 and upwards the method des-
cribed sbove becomes inacocurate. Fhose angles can then be meas-
ured conveniently by the use of a Lissajous ellipse, Referring
to Figure 53, the displacement signal is applied to the Y-plates
of an oscilloscope and the force signsl to the X-plates.

it eny time t the displacement will be 0 = & sin wt and the
force observed by the strain gauges will be I = Fo sin (wt + @) +
M ¥ where the actusl outting force FO leads the displacement by
the angle ¢f and S represents the force required to eccelerate
the tool end head of the dynomometer, When the tool is not
cutting the force will be solely the inertia force M's giving a
straight line trace,

Consider the points at which the straight line obtained when
not outting intersects the ellipse when outting. Thens=

P =¥ and hence the cutting force F, sin (wt + ¢) = 0 so
wh = -~ @ or - ¢,

As the displacement & = a sin wht, st these points & = L asin g,
So sgain teking the verticel distance p between the intersection

points,
2 a 8in ¢

%

o]
1]

so sin ¢
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APPENDTX 3,

Apocuracy and Repestability.

Anslysis of the experimentel results involves the deter-
mination of the amplitudes of force and displacement and their
relative phase, For the main body of tests the results were
filmed on 35 mm, peper direot from an oscilloscope; typicelly.
traces were of the order of 10 mm, smplitude, Measurement from
these treces was accurate to 0,2 mm, with care so that the basic
order of measurement scouracy was 1% giving some 2% accuracy on
stress values and, when phase angles were measured by the method
of Figure 52, an acouracy of - 10. When phase was measured ag
in Pigure 53 the order of accuracy in sin @ was agein 2%3 for
engles of the order of h5° this corresponds to about 10 but as
angles approach 90° the variation possible is of the order of
10°,

Celibration acourscy waes again basically 25 except for the
displaoement calibration which used 1/40th, thou, dlel geuges to
measure quantities of the order of k thou, The accurascy of dige
placement calibration would thus be only 5% and that of force 2%,
The acouracy of the measuring and recording equipment was suffic-
iently high that any errors from this source could be neglected,

Levels of accuracy when using the ultra-viclet recorder were
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gimilsr,

The comments ebove are relevant for steady forces end phase
anglesy this applies ot high cutting speeds and frequencies
particularly with small cuts es in Figure L3. For lower cutting
speeds and frequencies the domineting effect controlling accuracy
is noise, ‘The varistions in phase and smplitude from one cycle
to the next sre lorgey Figures 37 and 38 give some idea of the
variation in values even though the points plotted were aversged
over up to 50 complete oycles., Figures 39 - 42 give the spread
of phase angle in a typicel outting condition, This high noise
level means that it is difficult to get repeatability even when
quite large samples are taken, 4 typleal root mesn square error
in Figure 40 is of the order of 150.

High nolse levels grestly reduce attaineble sccuracies$
meagurement of amplitude in the presence of the high distortion
encountered in some cuts is only accurate to gbout 5% and am-
plitudes may vary from cycle to cyole so that the net accurscy of
stiffness determination is of the order of 15 in bsd cases and
the corresponding accurscy of phase determinstion about 100. In
cases where smplitudes are small, as with high rake tools, it is
often not possible to obtsin a result.

Thus, though the measurement systems and experimental tech-




€7.

nlques glve reasonsble accurecy, usuelly within 57, the inherent
behaviour of the metal cutting process means that accurscies and

repeatablility are low,
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AFFENDIX L.
Viscosity Lifect,

3ee Figure 5k. Thile the tool moves from A to B the metsl

originally at A has moved to C i.e, hes moved the distance BC along

the tool,
Then?
B
Sin BCA & 3in BAC
Lo V 5, sec o v, By where v, is the relative
" sin (90-¢ + %) sin (o + &) tool chip velocity.
1.0, v, = V sec o sin {a + §)
cos (¢ = v)
Now providing o is smell which is elwsys so in practice, this
v . _

reduces £o v,, = ~— = siv g (1 +cot fa), = v, (1 + oot ¢,a).

So if the sssumption is made thet p o V., dl.e. & visoous type of

resistence,

! é‘NJ:'
Then? -l-ﬁ = ;;;—— = O cob ﬁ
Then by differentioting as in Figure 46

68, .

"p"=f?an(9'+p~Y)+00’G(P~Yi}59

)
and since po= tanp, S p=6p (1 + pz)
80 5 :[‘l_:an(q-i-p—y)-»oot(pwyﬂmcotﬁ




CUTTING FORCE
GEOMETRY,
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Then o 1s given by W where the amplitude of vibration 1s

e sin wt, So due to the change in velocity there is a quad-

reture force

5P .
,P_f = E‘Ean(gd-pﬁ'\f)-i-cot (p-v){ a——%ﬁm—\-,-”cotﬁcoswt

There is olso the inphase force due to the displacement

e sin wb,
oF) " .a:.—s:u.n—Eﬁt- where h is the mean ohlp
TZ thickness,
Combining these forces glves
8Pb, a
< = - sec, Y sin (wt + W)
L h
where ten ¥ = Eban @+ p~x) + cot (p - '{5_] -P—-—-§ . %’9-}. cot ¢
1 + i
Similarly for the verticel force
&P
§-1 = tsn(§f+p~"{)~tan(p—'r) o p
1
end similexly
6P1 e '
T = Esec')ﬁ. sin {wt +¥ ).
1
. K hw
where‘ban%-z-E:an(¢+p-w()~tan(p-7‘):['E*- .v-.cotﬁ.
1+
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AFTENDIX, Do,

The Geometrio Effects

Prom Figure 5.,

At any time t the length of the shear plane will be (b + & sin wt)
x cosec ¢, The upward displacement of the shear plene will be

(o sin wt) cot ¥,  So the upwerd velocity of the shesr plane will
be & » cos wht cot @, The rete of volume removal will then be
the product of the resolved length of the shear plene and the
relative velocity between workplece and shear plane i.e.

Volume vete = (h + a sin wt) cosec ¢ sin, ¢

(V + o w cos wt, cot )
i.e, Vh [l + g sin wt + %—w. cot . cos wt + 2nd harmonic. terms]
Neglecting the lastterm which is o smell harmonic distortion,

the resultant force is proportional to

V[h-i- a sec ¥ sin (wt + )]

where tan # = %9-" cot ¢

It may be seen quelitetively thet the geometric effect must exist
by considering an extreme oase in which the tool travels along
the line of the shear plone during an oscillation, The depth
of cut will be finite but the forces will be zerc as no metal

is being cut,
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For Figure 14(b) type cutting then, very approximately
when a is smell compared with h, the sheor plane will inter-
sect the surface a distance h cot ¢ shead of the tool, This
corresponds to a phase advance of %?. cot @, but there will be

no force emplificetion as with type 14(a) cutting,
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APVENDIX 6,

e A B U

Torsional Effects.
Consider e torsionsl system with lnertia I and viscous

damping terque Bé acted on by a cutting force st radius R,

To simplify this epprosch assume thet the cutting force is

not dependant on feed velocity but solely on the ohip thick-

ness 8, end cutting velocity which in turn 1s proportional to

L J
anguler veloclty = ﬁ-o + 9

The equation of motion is then

I6+88=~R (k8 + Xk, fu )
Neglecting the steady stete components this becomes

1'é+(;’5+Rk_ﬁ_)é=-Rk1asinwt.

This gives the torsional vibration,

Rk, & cos {wt + ) g +Rk

= where tenh =
/12 w2+ (B+Rk,n.)2 /

o
i

Iw

_ Rk1a

I w

cos™ cos (wt +%)

Substitute this into the expression for force i.e, k‘l a 5in wt

+ %k B and the observed force is
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k, a (1 -k, R sin%cos ) sec £ sin (ut + #)
k. R 0052'1}

vwhere tan ¥ =
1 -k, R sin :\?cos bE

The observed force will heve an amplitude of epproximately
k ;@ but will lead by the engle ¥ as glven sbove. In practice e
k,is negetive so the observed force will lag behind the displace-

ment, Figure 50 shows the shape of the phese log to be expected,
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APTRIDIX 7,

Temperature Eatimates,

For the friction-temperature effect the controlling factor
is the temperature of the interface between cut ohip and tool
rake surface,

At moderate and low cutting speeds the built-up edge
acocentustes the effect of temperature variations., Figure 55 is
& sketoh of e tool with a built-up edge, The forces transmitted
through the built-up edge from T to C are roughly vertical due
to the high effective reke angle., Thus nesrly all the observed
horizontal force 1s being developed by friction over the small
section from ¢ to L, Temperature changes end the consequent
friction changes over this section will heve s disproportionately
large effect on the cbserved horizontal force.

High speed cutting is a simpler problem since there is no
built-up edge end the chip temperature does not very greatly.

The genersl problem of determining tool temperatures during
vibrotion is not soluble snalyticslly. The majority of the
heat generation ocours in the shear plane but some also occurs
on the chipwtool interface and this generation is dependant on
the existing friction and hence the existing temperature., Con-

duction to the tool is through the chip-tool interface which is
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varying in size throughout the oscillationy this gives temper-
sture varistions which are not sinusoidal.

If the simplifying assumption is made that all the heat
generation occurs in the shear plene a particular problem may
then be solved by step~-by-step methods, The dynamic case mey be
solved by e finite difference equationy see Eokert (12). The
conditions selected for this example were typical conditions for
a developed chatter, The heat flow was teken to be two-
dimensional for simplioity and a grid size of & thou, was suitsble,
Vibration Conditions.

Frequency 100 o,p.s.  Amplitude of osecilletion equal to mean
ohip thickness. Grid size & x is .008",
Chip speed 43.2 ins, per sec, corresponding to a cutting speed
gbout BOO £t. per mimute,
Thermel diffusivity D = 0,8 x 40~ £t, 2 per second,
Then if & time intervel 4t corresponding to 20° angular motion is

selected i.e, é%% x 1072 seos,

(80),, = (2'5';2 z: (86), = 0.1 g(ﬁe)x
x)T e
iees, the rise in temperature in o time interval is one tenth of +the

sum of the surrounding temperature differences, Allowsnoe must be

mode for the varying contact ares between chip and tool when summing
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temperature differences,

Application of this difference reletion for each point in the
grid gives the temperature distributions through the tool through-
out a cycle. Figure 56 shows a grid with the initial steady
state temperatures inserteds erblirery curteilment of the grid,
though affecting the steedy state distribution, does not greatly
elter the oscilleting temperstures since the penetration of
tempereture chenges into the tool is small at this frequency,

The characteristic distance for this frequency, Eckert (13),

I a

2 e is ,038" so thet apprecisble temperature oscillations

Jria

will only penetrate sbout 1/32nd, of an inch,

Figure 57 gives the resultant tool bulk temperature for the
first O thou. below point P which corresponds to the limit of
ehip contect at the mean chip depth, The amplitude is large,
of the order of 160° T, but the tempereture varistion on the
surfece will be even lerger,

The interfece tempersture, which will control the friction
and hence the force phase lead, will be intermedicste between the
chip and tool bulk temperatures. The chip bulk temperature is
nesrly constant ot high outting speeds but the tool tenperature
lags nearly 90° behind the chip thickness variation, This

temperature variation gives a coefficient of friction which will
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lead by over 90 so that the observed horizontal force will lead

the chip thickness,




78.

References,
I D R e A S AT

1.

3

5e

Te

R, N, Arnold, The Mechanisms of Tool Vibration in the
Cutting of Steel., Proceedings of the Institution of
Mechanieal Engineérs. Volat 5L, 1946, pp.261-276,

S.A. Tobias and W. Fishwiock. The Chatter of Lathe Tools
under Orthogonal Cutting Conditions, Trans, A.5.M.E.
Paper 57-S419 June, 1957.

J. Tlusty and M, Polacek, 1957 ~ Beispiele der Behandlung
der selbsterregbten Schwingung der Werkzeugmaschinen,

3 FoKolMa Vogel-Verlag, Yuerzburg., P. 131

J. Gurney ond 5,A, Tobias, A Graphical liethod for the
Determination of the Dynamic Stability of Hachine Tools.
18t M.T.D.B, September, 1960, International Journal for
Mechine Tool Design and Research, Jan., 1961 .

S. Doi and 8., Kato, Chatter Vibrations of Lathe Tools,
June 1955, Paper 55-8422, Trans, A.S.M.E, Vol,78, 1956,
Pei127

N.T. Tashilekii. Initial source of the :xcitation Energy
of Self-Induced Vibration im Cutting, Vestnik Maschino-
stroenija 2/1960.

W.N, Holken, Untersuchungen von Ratternschuwringungen an

Drehbanken, Diss T.A. Aachen, 1957,




8.

9.

10,

M

124

Vs

79

$,A, Tobias., The Vibrations of Vertical Hilling Machines
Under Test and Working Conditions, Proc.Inst,lech. Voldl 7D,
No,18, 1959, peiTh.

M.%, Merchent. Basic Mechanios of the Metal Cutting Process.
Trans. A.S.H.E, Applied Hech, Dive A=168 45kl

W.B, Palmer end P.L.B. Oxley. The Mechanics of Orthogonal
Machining, Proceedings of the Institution of Mech.,Engineers.
Vol. 173, p.623,

W.B. Heginbotham and 5.L. Gogia. Metal Cutting and the Built
Up Nose, Proccedings of the Institution of Mechanical
Engineers, Published 18th April 1961,

E.R.0. Eokert. Introduction to the Transfer of Heat and Mass.
MoGraw-Hill peded.

E.R.G. Bokert. Introduction to the Transfer of Heat and Mass

MeGrew-ill peHts

Wilton C. Shew. Metal Cutting Principles. M.I.T. 3rd Ldition,




Burther Bibliography.
Ghatter,
J.P. Gurney and S.A. Toblas, A Graphical Analysis of

Regenerstive Machine Tool Instability, Trans, A.S.M.E.,

Series B, Peb, 1962, pet03.
3.A. Tobias and W, Fishwick, The Vibrations of Radial
Drilling Machines under Test and Working Conditions.

Proceedings I, lMech.E., Vol. 170., 1956, p.232,

W. Fishwick and S.4. Tobias, Machine Tool Chatter, Effect
of TFlexibility in Machine and Foundation. Ingineering,
Vols 185, 1958, p.568.

J. Tlusty., Die Berechnung des Rahmens der Werkzeugmaschine.

1955, , Sehwerindustrie der T schechoslowakei, No.i, p.8.

R.3. Hshn, On the Theory of Regenerative Chetter in Precison
Grinding Operation., 4954 Trans. A.S.M.E., Vol.76, p.593,

R.S. Hahn, Metal Cutting Chatter and Its Blimination,

1953, Trans, 4.5.M.E., Vol.75, p.1073.

R.S. Hohn, Vibrations of Flexible Precision Grinding Spindles.
1959, Trans, A.5.M.E, Series B,, Vol.&i, No,3., p.201,

F, Eisele and M, Sadowy. Rattern und Dynamische Steifigkeit

von Werkzeugmaschinen, 4955. 2 - FoKoMa ~ Paper p.ibi.

Vogel-Verlag, Weurzburg.




He. Lysen. CStatische und Dynamische Stabiliteat der
Wierkstoff Pormung, 1955, 2-FoKola. p.i75. Vogel-Verlag,
Weurzburg.

N.Ji. Ceook, SalixBxcited Vibrations in lletal Cutting,

Trens, A.S.M.E. Series B,, Vol,8, No.2, p.183,

General Metal Cutting.

1+G. Leowen and M.C. Shaw, On the Analysis of Cutting Tool
Temperatures. Trans, A.S.M.E. Vol,76, 195k, D247,

D.R. Olberts., A Study of the Effects of Tool Flank ‘Vear on
Teool Chip Interface Temperature, Trans, A.5.H.E. 1959,

Series B, Vol.81, No.2., p.183.

P, Albrecht, An fxplanation of the Formation of Groove Vear

on Cutting Tools., 1956., Microteonic, Vols10, No.3., pethh.
G.5+ Reichenbach, Experimental Measurement of lietal Cutting
Temperature Distributions. 4958., Trang. A.S.M.E. Vol.80,p.525,
M. Eronenberg. Analysis of Initial Contact of iilling Cutter
and Work in Relation to Tool Life, 1946, Trans. A.S.H.E. Vol.68,
Pe2i7e

D. Kececioglu and A.S. Sorensen, Comparative Effect of Land and
Crater Wear on Tool Life “hen Dry Cutting, iist Cooling and

Flood Cooling., Trans. A.S.M.E., Series B, i'eb. 1962,, p.49.




82,

Life Tests of Carbide Tools. A.S.A. Standerd NooB5. 34~ 956,
Published by A.S.M.E. 1956,

S, Koboyashi and E.G. Thomsen, The Role of Irietion in Metal
Cutting. Trans. L.5.M.E. Series B, Vol.82, 1960, Da32he

AoG. MacDonald, S. Xobayashi and E.G. Thomsen, An Application
of Plastic Flow Analysis to Orthogonal lMetal Cutting.
University of California. L.E.R. Report Nosti7, Lssue NolJk
May 4960,

3, Kobayashi and E.G. Thomsen, Some Observations on the
Shearing Process in Metal Cutting. Trans,f.3.i.B. Series B,
Vol.8, 1959, p.25.

M.C. Shaw, N.H, Cook and I. Finnie, The Shear-ingle Relation-
ship in iMetal Cutting., Twans, L.5.0.05. Vol.75, 1953, pe273e
M.B. Morchant. HNechanics of the ietal Cutting Process,

1945, Journal ippl. Physics, Vol.s6, Pp.267, 318,

R.S, Hahn., OSome Observations on Chip Curl in the lletal
Cutting Process under Orthogonal Cutting Conditions. 1953,

Trans. AaSnM-oEu, Vol. 75, PI581!




Inat, J. Mach. Tool Des. Res. Vol I, pp. 283-292.  Pergamon Press 1961, Printed in Great Britian

THE DYNAMIC CUTTING OF METALS
T D, Smrre® and S. A. ToBIasY

INTRODUCTION

It HAS been observed by S. Doi and S. Kato [1} that when oscillating a lathe tool normal
to the cut surface, the normal thrust component variation lags the chip thickness variation
(tool displacement). This observation, which was confirmed subsequently by W. Holken
2] and N. I. Tashlickii [31, is of great importance from the point of view of machine tool
chatter analysis since it means that the cutting process by itseif is unstable.

There is a considerable amount of experimental evidence which leads to the contra-
dictory conclusion that under the conditions described the cutting thrust should lead the
tool displacement. This evidence originates from investigations concerned with regenerative
machine tool chatter. These showed (for instance S. A. Tobias [5]) that chatter arises only
in a limited number of speed bands and that very low speeds are stable. The explanation
of this fact is that the cutting thrust acting on an oscillating tool is dependent not only
on the chip thickness but also on the feed velocity, It is easily shown that the postulation
of such a dependence is equivalent to the postulation of an inherent phase lag effect, and
it is to be expected that the indirect evidence from the field of chatter analysis should confirm
Doi and Kato’s observation. However, this is not so, since the stability of low machining
speeds leads to the conclusion that the cutting force must lead the chip thickness variation.

The present paper summarizes experimental work done by previous investigators and
work in progress which aims to resolve the above-mentioned contradiction.

PREVIOUS EXPERIMENTAL RESULTS

The apparatus used by Doi and Kato [1] is shown in Fig. 1. The workpiece is attached
to a long flexible shaft held in a chuck and supported at the free end by a steady which

Tool holder

,f Too! [—Bearinq
N ’,
/

/

) Beoring
Fie}dbie shaft !

Warkpiece Rotating com Chuck " Steady

e

Fia. 1. Sketch of apparatus used by Doi and Kato [1].
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prevents vertical motion of the workpiece but aliows a rotating cam to oscillate the work-
piece horizontally. The fixed cutting tool then cuts a chip with an approximately sinusoidal
thickness variation. The surface cutting speed for these tests was 3-4 ft/min. The cam
oscillated the workpiece and hence varied the chip thickness at 1-5 ¢/s. The small elastic
defiections of the tool were measured optically to give the normal and tangential cutting
forces.

Results obtained from this rig are given in Fig. 2, which shows a record of the chip
thickness variations, the normal cutting force and tangential cutting force variations while
oscillating the warkpiece. The figure indicates that the maximum values of the forces at
point D and D’ do not occur at the same time as the maximum value of chip thickness at
point A. The time interval between A and D or D’ is referred to as the inherent time lag
of the normal or tangential cutting force respectively.

Q04 sec
v

i
Horizental joscillation of work
A {a}

|
I
!
i
i
1

= 40

g £’

Fia. 2. Herizontal oscillations of workpiece and resuiting variation of horizontal and vertical
cutting forces, after Dof and Kate [1].

The derived values for this inherent time lag are given in Figs. 3(a) and (b), plotted as
functions of the cutting angle and the chip thickness. The observed time lag increases with
chip thickness and cutting angle.

Similar Russian work by N. 1. Tashlickii [3] was carried out at higher cutting speeds
but low frequencies using a rigidly mounted tool and an eccentrically mounted workpiece.
Results obtained from this rig are shown in Fig. 4 which is again a plot of the cutting
forces and chip thickness during vibration.

A typical result obtained by W. Holken [2] is shown in Fig. 5. The figure represents the
variation of chip thickness, normal force and tangential force as a function of time. These
results, like those of Tashlickii, confirm Doiand Kato’s observations of a time lag of force
relative to chip thickness.

In their work on regenerative chatter S. A, Tobias and W, Fishwick [4] treat phase
effects in a completely different manner. Their theory is based on the assumption that the
cutting force is a function of feed velocity as well as of chip thickness, and it is easity shown
that this is mathematically equivalent to postulating a lag or lead of force relative to
displacement.

Evidence concerning the sign of the phase angle between chip thickness and thrust
variations is derived from the form of stability charts, describing the stability of, say, a
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face milling process (Tobias [5]). A chart of this type shows those speed ranges at which
a certain depth of cut (or chip width) is stable or unstable. It can be obtained experimentally
or theoretically and its form for drilling and face milling s well established. The stability
chart is divided into two rvegions by the stability band envelope. For values of chip width
less than the value given by this envelope the cutting process is unconditionally stabie. In
the region above the envelope the cutting process may be stable or unstable, depending on
the rotational speed of the tool.
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FiG, 3. Lag of cutting forces behind the workpiece displacement.

Panormal thrust, Pr tangential thrust. (a) Lag of thrust components as a function of average
chip thickness, (b) lag of thrust components as a function of cutting angle, after Doi and
Kato [1].

It can be shown that the shape of the stability envelope is an indication of the phase
refationship between cutting force and chip thickness variation. When the cutting force
lags the displacement (in accordance with Doi and Kato’s observation) then the shape of
the envelope is of the form indicated by curve A in Fig. 6. A leading cutting force results
in an envelope of the type of curve C, curve B being the transitional case when force and
displacement are in phase.

An experimentally determined stability chart is shown in Fig. 7. In that figure unstable
combinations of the depth of cut and the rotational speed are marked by circles, dots or
half-filled circles. Comparing this figure with Fig. 6, it is clear that the form of the stability
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envelope leads to the conclusion that the cutting force must have been leading the dynamic
displacement.

Since general conclusions derived from face milling or drilling tests do not necessarily
apply also to observations made when turning, Doi and Kato’s experiment was repeated
with a specially designed test rig.

EXPERIMENTAL APPARATUS

Although lathe turning was being investigated, it was found more convenient to carry
out the experiment by mounting the specimens on the arbor of a rigid horizontal milling
machine and the cutting tool with its associated suspension, damping, measuring and

F1i. 4. Lag of cutting forces behind the chip thickness variation.

Experiments were carried out with an eccentrically mounted workpiece, the position for the
minimum and maximum chip thickness values removed by the tool being shown on the bottom
trace. The variation of the tangential thrust Pz, the normal thrust Py and the feed thrust P during
one workpiece revolution is shown, while the chip thickness varies from a minimum value,
through a maximum to the next minimum. Lag of cutting forces can be seen by considering
their variation in relation to @ == 0° and ¢ = 360° which fixes the position of minimum chip
thickness. Tool-chip interface temperature t° was not affected by the process. After
) TFashlickii {3].

excitation systems on the miller table. A sketch of the apparatus is shown in Fig. 8.

The cutting tool is held on the dynamometer by straps, which for ¢larity are not shown
in the sketch. The dynamometer is suppotted by vertical leaf springs which allow it to move
horizontally but not vertically. This horizontal movement of the dynamometer and tool
will give a chip thickness variation but will not allow any vertical movement which would
alter the surface cutting speed. The movement of the dynamometer relative to the miller
bed is measured by fitting strain gauges on the supporting vertical leaf springs.
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Under these conditions, since the mechanical damping was low, violent chatter occurred
at nearly all cutting conditions. It was found in practice impossible to use any passive damp-
ing system such as a dashpot, rotary sificone damper or eddy current method, since the
combination of high frequency, low amplitude and large forces made any passive system
inoperative. An active system was finally adopted, using a standard velocity pick up, the
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Fic. 5. Lag of cutting forces according to Holken [2].

"Fop figure shows the variation of chip thickness around average value. Lower fipure presents
resulting variation of cutting forces. P4 normal thrust, P tangential thrust,

signal of which was amplified and fed into electromagnstic vibrators arranged to oppose
the motion., This system is, of course, a servo power loop in which care must be taken to
prevent instability. An additional signal from a separate osciilator is fed in to force the test
vibration required. This composite system in which the vibration generators both damp
out chatter and force the required oscillations requires far less power than two separate
systems, The circuits are arranged so that any level of damping can be switched in or out
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thickness variation, Curve B: cutting force variation in phase with chip thickness variation,
Curve C: cutting force variation leads chip thickness variation.
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Fic. 7. Experimentally determined stability chart.

Points marked with dots, circles and haif-filled circles represent cutting conditions in which

chatter arose. Unstable speeds fall into bands lying above the stability band envelope hp.

Shape of stability band envelope corresponds to a cutting force variation leading the chip
thickness variation. After Tobias [5].
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Fig. 8. Sketch of experimental rig.

instantaneously during a test run and the required oscillation can simifarly be switched
during a run. The normal range of frequencies used during test was from 5 ¢fs to 400 cfs,
though this range could be extended. The amplitude of vibration possible over most of this
range was greater than 0°010 in. peak to peak.

For the majority of the tests a lightweight strut dynamometer was used for force measure-
ment. The cutting forces act on short struts which are in compression: two vertical struts
take the tangential cutting force and the single horizontal strut carries the normal force.
Standard wire strain gauges on the struts measure the strut strains and hence the forces.
The gauge strains are measured by a sensitive a.c. strain gauge bridge. The dynamometer
allows measurement of a force of less than 1 1b though the capacity of the dynamometer
is nearly a ton. The combination of very short struts of high stiffness and a tool and support
of low mass gives the system a natural frequency of above 6000 ¢/s.
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Normal phasemeters are unsuitable for cutting force and displacement measurements
since they are affected by noise or amplitude variations and require considerable time to
veach the correct reading: an accuracy of 41° at small phase angles is difficult to obtain
with such phasemeters. To overcome this problem the force and displacement signals are
fed to matched amplifiers driving an oscilloscope and the oscilloscope traces are filmed.
Phase and amplitude are measured from these records by the method shown in Fig. 9
or by filming the traces as Lissajous cilipses as shown in Fig. 10.

Singﬁta—z—t{H%}

Fic. 9. Method used for the determination of small phase angles.

Oscittoscope traces of force and displacement variation, having amplitudes of Az and As
respectively. Traces are approximately 180° apart. Phase angle ¢ is found by the formula
given in the figure.
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Fig, 10. Method used for the determination of phase angles.

Force is displayed horizontally and dispiacement of tool (i.e. chip thickness variation)

vertically. The straight ling is the trace obtained when not cutting, i.e., it gives the dynamo-

meter head inertia force and is the “zero™ for the cutting force. Phase angle ¢ is found by the
formula stated in the figure.
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EXPERIMENTAL RESULTS

Some of the experimental results are shown in Fig. '11. The phase angle between the chip
thickness variation (radial oscillation of the tool) and the corresponding force variation is
plotted as a function of frequency while the chip size and cutting speed are constant. At
low frequencies the results confirm those of Doi and Kato as the cutting forces lag behind
the chip thickness. However, as the frequency of oscilfation of the tool riges, the lag of the
cutting force with respect to the chip thickness decreases to zero, changes sign and becomes
a phase lead. Above 40 ¢fs, L.e. in the frequency range which is of importance for chatter
of most machine tools, the observed lead of the cutting force confirms the evidence deduced
from regenerative chatter analysis.

In this chatter frequency range it was also observed that the phase lead of the cutting
force decreases with increase of surface cutting speed. This result is also to be expected from
regenerative chatter evidence.
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Fis. 11. Typicat experimental results concerning phase relation between normai thrust Pa and

tangential thrust Pz and the chip thickness variation, as a fanction of the frequency of oscillation.

Material: mild steel, cutting speed: 400 ft/min, average chip thickness: s == 0-005 in,, chip

width: b == 0-075 in., amplitude of chip thickness variation: ds = 0-002 in., tool; carbide, top
rake angle: 10°.

CONCLUSIONS

The preliminary results of an investigation in the dynamic cutting of metals have been
summarized in this paper. The measurements so far carried out show that the use in any
chatter investigation of the assumption that force is simply proportional to chip thickness
will give very inaccurate results, since the effect of the observed phase changes can dominate
chatter behaviour. For normal chatter frequencies the phase changes are such as to increase
the damping and hence the stability of the system. This, of course, may very greatly increase
the cutting capacity of a machine. The phase lags observed at very low frequencies will
decrease the stability of a machine at these frequencies.

Explanation of the observed phase changes is not possible by any one simple hypothesis.

23
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Several explanations are being considered, but none of these is satisfactory. It appears that
an exact explanation will involve at Jeast five different effects.
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