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B let us recognise the absurdity and illogicality
E of the age restriction. It is iromic that the
f very organisations which have done so much
i to instigate and support the trend towards
P a greater equality of educational opportu-
} nity for the mass of the population should
E be the ones to shut the door in the face of
¥ their fellow workers who wish to eater their
franks. Many semi-skilled men who regret
their lost opportunities could do the more
. skilled jobs if they were given the chance
. 10 get the necessary training ; it is only the
exercise of a harsh monopoly power which
. prevents them from doing so. If recognition
k as a skilled craftsman depended on passing
4 test of competence instead of, as now,
olely on the length of training at a parti-
-cular age, a semi-skilled operative might,
£ by working at a technical institute in the
¥ evenings, get the opportunity to  better
F * himsclf.  This would be both more just to
s him and better for industry which needs him.

Second we must accept the fact that there
kare different degrees of intellectual ability
as well as manual skill. To assume that
every boy who gets accepted for an apprentice-
hip (a process which is rarely more than
ieasually selective) is necessarily capable of
fmastering  the technical instruction which
was planned for the most intelligent and
Renthusiastic pupils is as |Ilogu. das to assume
R that every boy who gets into a grammar
achool is capable of taking an honours degree
Iat a university,. We must recognise a
irarchy of talent and provide for it accord-
fngly. This does not mean that the less
elligently endowed apprentice does not
to go to school or college during his
ng. On the contrary, he does. But
Mo set him to a task which is quite beyond
is power is to make him bored and resentful
fand distrustful of any cducational effort.
flhe County Colleges planned by the Educa-
Hion Act were intended to offer a wider and
‘re flexible curriculum than the merely
pchnical.  They were designed to give
gung people some understanding of the
beiety in which they live and of their own
bast and that of their industry, in it. If
apprentices who now attend the classes
B which they are completely lost could
Bnstead be provided with somcthing more
foscly tailored to their needs the day at
Bollege could be made both ¢ ioyable and
Matuable.

It is possible that even for ti.. abler boys
bo can profit from the cours., a different
rangement of time might be niore suitable.
apprentices of a higher grade—those
flining for technical jobs—a * sandwich ™
Pwtem has been introduced in which a period
months in the shops is followed by a
friod of full lime study at college. It might
B that a similar system for the craftsman
uld be more effective. Five months at
ork followed by one month at college
Bald provide just the same number of
- hours as the present system of day
; but it would give the colleges a
Jinc to plan a course of instruction
figned to meet the needs of the apprentice
jd time to carry it into effect.

Such changes, valuable as they may be
themselves, would not, however, solve
b problem of the shortage of numbers.
B'long as adolescents’ wages are as high
Mt present it is unlikely that many more
Bl or moderate sized firms will be willing
berease the number of their apprentices.
o possible ways out of this difficulty may
Buggested.  Groups of firms might join
pther to share the cost of 2 number of
Prentices who move from onc firm to
pther for their training. This is already
g done on a small scale in London and
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in the Midlands. The main disadvantage
is that it takes a lot of organising and it may
cost as much time and money to persuade
a large number of such schemes to be set
up as the expense of apprenticeship to
individual firms.

A more constructive proposal because it
can be done on a large scale is to substitute
apprenticeship to a whole industry for
apprenticeship to an individuai employer.
This is done in America in the building
industry and overcomes the unwillingness
of a firm to face the risk involved in becoming
responsible for apprentices for a long period
of time in a kind of production that 1s bound
to be to some cxtent irregular. To be
successful, such a scheme would need to
be run by a Joint Apprenticeship Council
composed of representatives of both unions’
and employers’ associations, which would
make itself responsible for paying the wages
of the apprentices indentured to it and for
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supervising their training. As the funds would
be provided by employers in proportion to
their wages bill the cost of training the
skilled workers on whom all depend would
be spread more fairly over the whole industry
instead of, as now, being concentrated on-
those firms that have been willing to under-
take their responsibilities voluntarily.

Such a scheme would have an additional
advantage, It is often diflicult for the small
firm, with the best will in the world, to give
its apprentices an all-round training because
its own work may be highly specialised.
Apprenticeship to an industry would get
over this difficulty because the traince could
be moved from firm to firm.

It is much to be hoped that the Carr
Committee Report will discuss some of
these possibilities. But the first essential
is for industry and unions to face the realities
of the present situation and be prepared to
consider a radical reorganisation.

Theory of Regenerative Machine
Tool Chatter’

By S. A. TOBIAS, D.Sc.,

LTHOUGH an appreciable amount of
research has been done already on
machine tool chatter, little use is made of the
results by production engineers and machine
tool designers. This appears to be due to
three reasons : (i) some of the rccommenda-
tions based on theoretical considerations
appear to be contrary to practical experi-
ence ; (ii) owing to the large number of
parameters involved in chatter phenomena
the theoretical recommendations for the
avoidance of chatter are necessarily of great
complexity and they have not been presented
in a form suitable for direct application in
the design office ; (iii) although it is known
that chatter occurring in the various types
of machine tools is essentially due to the
same basic physical phenomena, at the present
time there does not exist a general theory
which would cover all the special cases.
As a result chatter arising in each of
the various types of machine tools must be
treated as an individual problem, thus increas-
ing the difficulty of applying the theoretical
recommendations.
1t has been pointed out that by increasing
the stiffness between work picce and culting
tool the danger of chatter is decrcased. At
the same time, as every production engineer
knows, chatter is often eliminated by easing
some of the locks of machine tool slides, &c.,
and thus increasing the structural fiexibility.
Designers are aware that some flexible
machines appear to perform better from the
point of view of chatter than similar machines
with appreciably greater stiffness.
answer given by the research worker is that
in chatter phenomena damping also plays a
highly important part and that in some cases
a loss of stiffness may be accompanied by
an increase of damping, resulting in an
elimination of chatter. Unfortunatcly, this
explanation is not satisfactory even from the
theoretical point of view since the quantitative
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relationship between these two factors is
at present unknown.

It is well known that, in addition to stiffness
and damping, the cutting speed, the feed, the
geometrical form of the tool, the work picce
material, the foundation of the structure,
&c., all play an important part in chatter.
However, the individual effect of these
parameters is insufficiently explored and so
in a particular case it is difficult to say which
parameter should be altered and in what way,
in order to eliminate any chatter. Thus, as a
rule, chatter is eliminated by time and money~
consuming random experimentation. It is
clear that owing to the large number of
parameters which have an influence on the
chatter behaviour of a machine, a theory
which would consider all essential factors
would be of such enormous complexity that
there is little hope for its practical application
in the drawing-office or in the workshop,
This difliculty can be overcome only by the
introduction of ‘* group parameters ” upon
which a relatively simple mathematical
theory can be built. It would be an additional
advantage if the final results of such a theory
could be presented in a graphical form, thus
eliminating the necessity of time-consuming
laborious calculations. Furthermore, it is
desirable that the mathematical part of this
theory should be directly valid for all kinds
of chatter occurring on the various kinds of
machine tools and that individual cases
should be derived from it by a substitution
of the operative values of the group para-
meters corresponding to the particular type
of machining under consideration. Such a
unified picture of the chatter phenomena
would not only facilitate the application of
the theoretical results, but would also permit
the rapid solution of unusual cases previously
not investigated.

A theory for drilling chatter which to
some extent satisfies these demands has
recently been published by the authors (sub-
sequently referred to as 1).§ In the present
article this theory will be extended to in-
clude other kinds of machining processes.

§ References are given at the end of this article,
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SCcoPE OF THE THEORY

The present theory is mainly concerned
with regenerative chatter, but other types
will also be included. Regenerative chatter
occurs when part of the chip removed by o
cutting edge has previously been cut, cither
by the same cutting edge (single edge tools,
such as lathe tools or grinding wheels), or
by another cutting edge which is solidly
connected to the first (multi-edge tools, such
as drills, face millers, &c.). In this case the
forces acting on the cutting edge at a certain
time instant are partly determined by the
form of the chip removed at an earlier time.
We shall restrict the scope of the exposition
by contining oursclves to those hinds of
machining in which under chatter-free con-
ditions the chip thickness removed is constant.
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(ay dadlhing . ¢ fce millimg 5 (Y turning 3 (d) grinding.  Tuis
assumied that the chatter amphitudes fall m the direction a

Fig. 1—Cutting processes embraced by the theory

Thus, we shall be concerned with drilling,
certain types of face milling, turning (shaping)
and grinding, as shown on Fig. 1.

o the cases shown on Fig. 1 the cutting
edge has three rectilinear degrees of freedom
which fall in the direction of the feed motion,
the direction of the cutting velocity, and the
dircction which is perpendicular to the other
two. Chatter confined to the planc per-
pendicular to the cutting velocity will be
called type-A chatter, irrespective whether
its direction is given by the feed motion
(denoted by x in Fig. 1(a) to 1(c)) or the dirce-
tion perpendicular to it. Type-B chatter is
entirely confined to the direction of the cutting
velocity. In the present paper we shall
consider only type-A chatter and the more
general theory which treats both types will
be left for a future publication.

A THEORY OF REGENERATIVE CHATTER

Consider a machining operation in process
with a nominal feed s, inch/rev. and v,
—constant cutting velocity. Under these
conditions the particular machine tool can
be regarded as a dynamical system which is
in steady motion. 1t will now be investigated
whether this modon is stable or unstable—
that is, in the terminology of the production
engineer, whether the machining will be free
of chatter or not. This will be done by
assuming that there is a rclative vibration x
between work piece and cutting edge which
falls in the directions shown on Fig. 1(a) to
1(d). This vibration will be expressed as

(6)]

where A is an arbitrary amplitude factor and
« and « are at present unknown, but will be
determined in the course of the calculation.
We shall investigate for which valucs of the
system parameters «$0. Clearly, when « <O
equation (1) represents a damped oscillation

x=Ae* cos w1 .
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and as ¢ increases x—0 and so the nominal
fecd establishes itself. In this case we shall
say that machining takes place under stable
conditions. When «>0 the superimposed
vibration increases in amplitude as time goes
on and tends to nlinity,  In practice, some
limiting factor will stabilise the amplitude at
a finite but unpleasantly large value. The
case «>0 significs unstable machining con-
ditions. Finally, when «=0 the system is on
the threshold of stability and in that case,
once initiated, the vibration amplitude re-
mains at its initial level.

It must be emphasised that throughout the
following analysis no attention is paid to the
question as to how energy can be fed into
the system or how the amplitudes build up
and stabilisc themselves at their final level.
In accordance with the procedure usually
adopted for the investigation of the stability
of dynamic systems, the view is taken that if
the values of the system parameters are such
that the system is unstable, the smallest dis-
turbance (a hard spot in the material,
unbalance vibrations, &c.) is sufficient to
induce it to leave its steady state of motion
and to burst into oscillations (to chatter).
Thus the analysis is only concerned with the
problem of stability—that is, whether or not
the machine will chatter under certain work-
ing conditions.

The general procedure of the method
employed can now be summarised as follows :
the presence of the assumed vibration x
entails an alteration of the cutting con-
ditions as a result of which superimposed
on the steady state cutting thrust component
P, a thrust increment dP, is generated.
Since dP, is caused by x, it will be a function
of x and so of the time ¢ ; dP, is acting on
the elastic components of the system (work
piece and cutting tool) and it may be such as
to either increase x or decrease it or leave it
on its original level. In the first case the
calculation will yicld 2>0 and then the
system is unstable, i.e. chatter will occur. In
the second case « <0 which indicates stability
and finally in the third case «=0, which
shows that the system is on the threshold of
stability.

It will be assumed that the cutling force
thrust component P, which falls in the
direction x, according to Fig. 1, is a function
of the instantaneous values of the following
four parameters : the total chip width b inch,
the total chip thickncss s inch/rev., the rate
of penetration (feed velocity) r inch/sec, and
the cutting speed v inch/sec; v is dependent
on the rotational speed of the tool or work-
piece £ rev./secc as v=2mR, where R is
the radius from the centre of rotation.
Assuming that the chip width & remains
unaflected by the presence of the vibration x,
it can be neglected from further considera-
tions. Under steady state machining con-
ditions the remaining threce parameters are
related by r=5,Q and then the total chip
thickness s is equal to the nominal feed s,.
In this case it is sufficient to say that the
thrust P, is a function of 5, and Q. However,
under dynamic conditions the chip thickness s
may vary independently of the feed rate rand
both may be only partly determined by the
nominal feed s, as we shall see presently in
greater detail. Thus, in general, the thrust
can be written P, = P(s, r, Q) and so the incre-
mental thrust can be expressed as

dP,=k ds-+k.dr+k,dQ 7))

where k=(dP./ds), represents the increase
of the thrust per unit increase of chip thick-
ness, all other variables remaining constant.
Ky m=(dPofdr)y and ky- (dP,)dL), have an
analogous meaning with respect to the feed
rate and the culling speed, respectively. All
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three constants are evaluated under steady
state conditions.

Consider changes from one steady state
to another under the following experimental
conditions : (i) steady state machining tests
are being carricd out at constant  speed
(d2==0) and only the nominal feed s, (which
in this case is equal to the total chip thickness)
is varied. By plotting the thrust P, as a
function of the feed a graph of the kind
shown on Fig. 2(e@) is obtained. From
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Fig. 2—Determination of the factors k, and kg from

cutting thrust measurements

this graph the incremental thrust force,
for a variation of the feed s, by ds,, is given
by dP.=k.ds, where k,is the slope of the
P, thrust curve at 5,, Mathematically these
experimental conditions are represented by
equation (2) when we put ds=ds,, dr=ds,
and dQ =0, and so

dP,=k\ds,+kQdse=kds, . . (3)
from which

k., ~kyi-k, g2 . 4

(ii) Consider now the case when the feed is
kept constant and the tool or work piece
speed is varied. By plotting the P, thrustasa
function of v, we obtain in some cases a
curve of the kind shown on Fig. 2(b). Mathe-

matically, when ds=0 but dQ2=0 and so
dr=s,d) equation (2) yields
kqdQ=0+kydr+k,dQ . 9
and so
ky=kq—kasy=kg—(k,~ ksalsD)  (6)

Thus equation (2) can be written :
d 5o
dPy = kst (k= k)G + [kn—(k,—k‘)é]dﬂ

U]

We shall write (k—k;)=K. In equation
(7) there are three constants, k,, k, and kg
which have to be determined experimentally,
The experimental evaluation of &, and 4a
is obvious from the derivation of the equx
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‘ion. However, the evaluation of &, is not
E2o simple, partly because it is essentially a
fdynamic factor which does not appear in the
Ework of previous investigators. This is not
Burprising when it is considered that their
ork is concerned with steady state machining
. conditions.  In this case the nominal feed s,
[ and the fecd rate are related by r
a8 has already been pointed out. However,
k, can be determined only from experiments
in which the chip thickness s and the feed
brate r are independently varied. The design
of such experiments is by no means an easy
matter and needs further discussion.  An
E approximatc evaluation for k, for the case of
B dnilling has been given by the authors else-
& where.!

F Assuming the values of k,, &, and kg are
known, dP. is found by calculating the chip
thickness variation ds, the feed rate variation
dr and the rotational speed variation dQ.

4

Sttty

TyPe-A CHATTER
In this case the rotational speed Q is not
dircctlv affected by the presence of Ao Speed
. varialions may occur owing to the variation
i of the load which may set up vibration in the
spindle drive, but this possibility will be dis-
regarded and so we put dQ2=0,
The chip thickness variations occurring in
the types of machining shown on Fig. 1(a)
f to 1{c) will be cxplained on Fig. 3.  This

cos m(‘(—;’,) \

Curve I}

5o +d5) \,

. |
2lt) Ae’ cos wi” ‘

(Curve 2.)

The instantancous chip thickness is given by (1/m) (se+ds).
Fig. 3—Variation of the chip thickness

figure shows « section through onc of the
| cutting edges at time ¢ in a plane including
cutting speed vector and the direction x. If
the nominal feed be s, then under stecady
state conditions each cutting edge removes a
chip of uniform thickness so/tn, where m is
the number of cutting edges of the tool. The
- form of this chip is indicated by the dotted
 lines 1 the figure.  Owing to the presence of
the vibration x the upper surface of the chip
 bas been cut in the form of a wave (curve 1)
when it was machined last by the cutting
 edge which directly preceded the edge shown
in the figure. If the time of one revolution
of the tool (drilling and face milling) or of the
work picce (turning and grinding) is T'=1/Q
then the upper surface of the chip was last
| cut at ume ¢ —Tym.  As at time 1 the cutting
edge proceeds along curve 2. The instan-
taneous chip thickness removed is given by
(50 +ds)/m, where

(1 myds=x()—~px(t=Tin) . . (8)

where u is the factor of overlapping between
the previous cut and the present cut, Clearly,
i the case of drilling 2 (there being (wo
cutiing edges) and p=1.0 since the whole
width of the top surface of the chip has been
modulated by the previous cut. For face
. milling we usually have m=3, 4, &c., but
- stillg=1-0. In the case of turning m=1 and
p<l-0. Tor grinding we have also m=1
' but the value of i+ depends on whether the
'~ direction of the feed motion is perpendicular

SRS TSI T
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o the work pivce surface (u=1-0) or is
parallel to it (u<<1-0). It should be added
that p=0 for all types of machining under
consideration during the first 1/m-th revolu-
tion ol the tool or the work picce. Thus, the
theory is also concerned with chatter which
occurs in the initial stage of cutting when
intetlerence between the previous and the
present cut has not yet taken place.

The determination of the variation of the
feed rate dr is quite simple. When super-
imposed on the nominal feed s, the vibration
x 1s present the nominal rate of penetration
r=s5,020 becomes (r+dr), where dr=dx/dr and
x is given by equation (1).

Substituting ds from cquation (&) and
dr =dx/d! into equation (7) we obtain for the
most general case

dP=k\F(x, », Q, W)x+ [k,Fz(a, w, 0, u)+g]Z~f

)
where

Fyo | ie I
1 me  micos w— F--sinw= ||m;
n w nt

T
1 - T
F,=(‘:e " sin w—)um
m

DERIVATION OF THE EQUATION OF MoTION

Let us now direct our attention to the
point where the cutting edge mithes contact
with the work piece and assume that a
harmonic force of variable frequency (a
vibration generator) is acting at these two
points in the direction x, as shown on Fig. 1{(a)
to 1(d). By measuring the relative amplitudes
between cutting edge and work piece and
plotting them as a function of the exciting
frequency a resonance curve of the type
shown on IYig. 4 is obtained.  T'he frequencies
at which the amplitudes become a2 maximum
correspond approximately to the natural
frequencies of the system. 1t will be seen that
under suitable conditions any one of these
can be excited by regenerative chatter,

When the tool is highly flexible in the
direction x and the structure is very stiff, then

(10)
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Fig. 4—Resonance curve of relative amplitudes between
cutting cdge and work picece in the directlon x of Fig. 1

the resonance frequencies of Fig. 4 are casily
calculated by giving due considerations to
the end conditions. For instance, a lathe
tool with a large overhang, a boring bar or an
internal prinding  wheet support, may be
regarded as a cantilever clamped at one end.
We shall assume that this cantilever is very
stiff in the directions perpendicular to x.
In this case, the natural frequencies of the
cantilever are well separated and when
vibrating in any one of them it can be repre-
scnted by an equivalent single-degree-of-
frecdom system.  Considering now one par-
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ticular patural frequency o, and its corre-
sponding mode of vibration, the differential
equation of the equivalent system can be
written as

dix  dx

M’"’T -4—("’/’ +4-xx=—dP,

i (n

where M, ¢ and & are suitably chosen gquan-
tities for the particular mode of vibration.
1t is convenient to introduce non-dimensional
quantities by putting

MM=ws® and c/r=1/Qu, . (12

where w, is the natural frequency of the par-
ticular mode and Q. is the ctlective amplitica-
tion factor of the system. The structural
amplification factor Q is determined from
the resonance curve (Fig. 4) by dividing the
natural frequency of the particular mode by
the resonance curve width at 1/v2 of the
maximum amplitude. 2Q is the ratio of
critical damping to actual damping. Q.
corresponds to the structural (O reduoced
stightly to account for the additional dumping
at the cutting edge (Q.<< Q). X is the dynamic
stiffness of the mode under consideration,
which is also found from the resonance
curve as

Exciting force x Q

= = 8 3
Resonance amplitude n

1n general, the dynamic stiffness of the various
modes differ from each other and from the
static stiffness encountered by a static force
which acts between work piece and cutting
edge in the direction x.

By the introduction of the non-dimensional
quantities of equation (12) and the con-
sideration of the expression dP. (equation
(9)). the differential «quation of the system
can be written as

L (1 kK D
wot det Q,mo*)xr:*’iﬂdl

+(I+I%F,>x=0 .

where F, and F, are given by cquations (10).

1t should be added that when the tool is
very stiff in the direction x (for instance, in
the case of drilling) its dynamic characteristics
are determined mainly by its end conditions
—that is, the dynamic characteristics of the
structure, In this case, it is permissible to
represent the system by an cquivalent single-
degree-of-frecedom  system as long as the
natural frequencies of the structure are well
separated andfor the damping of the corre-
sponding modes is small. When neither of
these conditions is satisfied the complexity
of the problem is greatly increased, since the
various modes become coupled and so the
present method ceases to be directly
applicable.

(14)

THE THRESHOLD OF STABILITY CONDITIONS

Substituting cquation (1) into equation
(14) we obtain two transcendental equations
from which « and © can be determined.

(&) (&) 4ol 5m 5 o
i (1 | k,_‘rﬂ 0

1
oot
Q.
We are primarily concerned with the question
whether a disturbance will build up («.~0) or
decay («<0), and so it is sufficient to con-

sider the threshold of stability conditions
(«:=0), which are derived as  follows

(W]

br, K1,

2
m02+ rQ
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w\* ky ( . 2 S)
“<(J,,) B N f-—u sin mQ 0. (16)
I ki oy . 2me Koy
0, Py sin me a0 0 . (N

where the dunension of wg and w is ¢/sec.

THE STABILITY CHART

Owing to the transcendental nature of
cquations (16) and (17) their direct practical
application is most cumbersome and so they
are conveniently presented in the form of a
stability chart. This chart shows those
rotational specds (Q/esg) at which the system
is stable, unstable or at the threshold of
stability, for a given structure (characterised
by A, wgand @), and a given tool, work piece
material and machining condition (m, ky, K,
Qe=Q—AQ, and i, &c.). The abscissa of
this chart (Fig. 5 to Fig. 8) represents the
non-dimensional rotational speed (Qfw,)
multiplied with the number of cutting edges
m, where w, is the natural frequency of the
mode of vibration, the stability of which is
being investipated. The ordinate corre-
sponds to the eflective @ — (.. The chart
contains stable and unstable regions which
are divided by boundary lines corresponding
to the threshold of stability («=0). The
method with which the boundary lines can be
calculated from equations (16) and (17) has
been described.! Some information concern-
ing the stability chart can be obtained by the
following considerations.

The Region of Unconditional Stability.—
Fquation (17) can he written

. 7T
:—)nB= =5 musin s (18)
where
1 Ko,

By squaring equation (18) and dividing it by
{wfw,)? from equation (16) we obtain after
Cxpansion
" os =2
LR O
® 1(1 kq
2— w2z
+B ky® ot uﬁ_”rf 0

20

Regarding B(Q.) as a variable, there is some
Q.- Qu at which the roots of equation (20)
become complex. This means that there is a
minimum Q. for which oscillation is still
possible, but for Q.<<Quw the system is always
stable. It can be shown that

1

L2T o L
COST QT wm

Q. S rmmmmmom e

| k
2[“"(“:2 '('/H‘f)

(21

Ihe Q. hne divides the stability chart into
the regions of unconditional stability
(Q.< Q) and conditional stability (Q.> Q).
Points lying in the region of unconditional
stability correspond to chatter-free machining
conditions. The region of conditional stabil-
ity is divided into speed bands of stable and
unstable points. The form of the Q. line
depends primarily on the parameters K, ky
and A

Unconditional and Conditional Stability—
[ype-A  Chatter. —We can distinguish two
extreme cases depending on the overlap

factor.
(I) w=1-0.—The boundary line between

the unconditionally and conditionally stable
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region is shown on 30

Fig. 5 for three typical
values of mK/x. When
K-=0 the Q. function
becomes a constant
Ouys indicated in the
stability chart by a
line parallel to the
mQje, axis.  When
K +0 the Qn line is a
hyperbofa which for
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approaching from
below and passing
through the origin.

(@) When K=0 it
can be shown! that in
the conditionally stable
region the unstable
bunds are situated between vertical asymp-
totes which are found at the speeds
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The system is always stable when mQ/fe, is

greater than 2VI1+(I+wm(k,/»). Below
this limit the unstable speed band of n-th
order is (ound between

1 k
2~—n_12~/]+(1+11.)m3}
Q 1 K,
>m(;0>2"2\/l 4+ —-[L)rn;
23)

Below a certain speed limit the unstable speed
bands overlap.!  This can happen even

with the first and sccond unstable bands and
then at relatively high values of Q. we shall
At Q.

find a continuous unstable area.

nog ol

e shape of the Qa line depends on the value of mky/AC - 0-04), u(

Natural Frequency — w, ¢/s5ec.

£ 0) and the value
and sign of mK/A.

Fig, 5—The Qy, line forms the .boundary between the unconditionally and
conditionally stable regions of the stability chart

values only slightly larger than Q. there
will usually be stable speed bands between
the lower order unstable bands. However, at
the higher order unstable bands these
dividing stable bands are so short that
below a certain speed limit practically the
whole area above the QOm, line becomes
unstable. This can be seen from Fig. 6,
which shows the stability chart for u=1.0
and K=0. Here overlapping commenced
with the fourth band and extends to mQ/u,

0, that is, zero rotational speed. However,
at very low speeds the theory ceases to be
valid owing to the elimination of the relief
angle of the cutting tool,! and so we can
expect that the overlapping unstable bands
have a lower boundary which has the
approximate shape indicated in the figure by
the dotted line.

For finite values of Q., on the threshold of
stability, the frequency of oscillation is
always greater than the natural frequency of
the mode under consideration.  From cqua-
tions (16) and (17) it can be shown that as the
rotational speed sweeps through any one of
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Points lying: in the shaded regions corr

dio 1 hind

Fig. 6—Stability chart for mk,/A=0-0785, 1. =1-0 and mK/% =0
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the unstable speed ranges in the direction

m! wg—0 the frequency decreases from
A
0w, —= 1+l ,H‘)m,)\l at Q,=o0, and
. ’ ky
becomues  wieg= I =(1— y.)m; at Q.

=, as mQ/w, enters a stable band again,
~ The points lying on the right side of the
"~ threshold of stability curves which belong to
~a particular Q. (points Uy in Fig. 6) have
the same frequency of oscillation. The same
is also true for points lying on the left side
(points 17).

(b) When K>>0 the higher order unstable
bands are raised in the stability chart and are

THLE ENGINELER

the damping coeflicient of c¢quation (14),
which, in this casc, takes the form

1 AL
Q.mo! s (25)
This expression must be negative for oscilla-
tions to occur. Since by definition @.>=0
(otherwise the structure by itself would be
dynamically unstable), Lhe expression (25)
can be negative only when K<O0. Thus,
when K>-0Q the system is unconditionally
stable at all rotational speeds, no matter
how small the structural damping may be.

For the case K<0 the stability chart is
shown in Fig. & The Q. line is a straight
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When K.~ 0. the lower order unstable regions are raised in the stability chart (mk, X :0-0785, 1 =10 and mK/X=0-0183).

Fig. 7--Stability chart for K>0

P less dangerous since they are excited only
when the structural @ is very low and/or the
stiffness is small. A stability chart of this
typeis showir oo Lig. 7. 1L corresponds to
conditions arising when drilling,? (as it has
been verified experimentally), and it should
also apply to grinding (Fig. 1(d)).

(¢) When K<20 the higher order unstable
bands are lowered and become consequently
more dangerous since they can be excited
abo when the damping is large.  According
o the analysts ol the drilling process given
. by the authors, stability charts of this type

ought to occur in the-case of drilling up
;  predrilled holes and also when face milling
and possibly when turning.

. For K+ 0 points of equal frequency will
i not lic on a line Q.=:constant, but on a
hyperbola which is similar to the @m linc.

The important conclusions  that w/wy>1,

and that by decreasing the drill speed the
frequency of oscillation decreases, still hold.
Both results have been verified for the case of
i drilling.
t  (I) =0, that is, when there is no over-
? lapping between successive cuts we get from
¥ equation (21),

SRS WTTERmem mm——————

s 82

==Ky = + - - @

which is meaningfut for positive values of
On. It is convenient to consider directly

line passing through the origin. The region
lying below the line is unconditionally
stable and the atea above is unconditionally
unstable. Once more, the results are invalid
in the vicinity of mQfwy=0, owing to the
variation of the relief angle, and a boundary
line of the approximate shape indicated by
the dotted line can be expected.

As will be explained presently, in the case
of drilling into solid material and when
grinding K>0. For drilling up predrilled
holes and for face milling it is likely that
K<0, but u=0 only during the first 1/m-th
revolution of the tool. =0 also occurs dur-
ing the first revolution of the work piece when
turning, and always when cutting a screw
thread. In the last case chatter represented
by Fig. 8 is likely to occur only when one side
of the thread is being recut, since otherwise
chatter in the direction x shown in Fig. 1{¢)
is probably not possible. However, the
stability chart of Fig. 8 shows that chatter
may occur even when the cutting speed is
constant, and so the influence of a falling or
rising cutting force versus cutting speed
characteristic (Fig. 2(b)) does not enter at all
into consideration.

I'rom equation (16) we find that on the
threshold of stability the chatter frequency

is given by
w Iil
=, t+m .

oy

(26)
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Chatrer can occur only when K<
Fig. 8—Stability chart for 1.0

which is constant for all rotational speeds.

As had already been pointed out, the
dynamic stiffness (equation (13)) of the
various modes of vibration will, in general,
differ from each other. Consequenily, (h¢
stability charts of the various modes for the
same cutting conditions take a different form
From the practical point of view 1 would be
an advantage of one and the same stability
chart would be applicable to all modes of
vibration. This aim can be achieved under
certain conditions by the introduction of the
average dynamic stiffness 1" and the reduced
eflective Q (Q,, as will be shown in a sub-
sequent publication.?
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(To be continued)

British Standards Institution

40 British Standard Speclfications cun be obtaned from the
Seebey Deparement of the Institution at 2, Park Streer, London, W 1,

BUILT-ON COOLANT PUMPS FOR INTERNAL

COMBUSTION ENGINES (NOMINAL OQU1-

PUT 1750-17,500 GALLONS PER HOUR AT
30FT MAXIMUM HEAD)

No. 2896 : 1957. Price 4s. 6d. This is one of o
serics of standards desigoed 10 seeure a mieasure of
stundardisation of dimensions of components of
internal combustion engines. Tts main purpose is 1o
facilitate the interchangeability of certain centrifugal
coolant pumps and their components. It is also
intended that wherever possible it should apply in
whole or in part to all other forms of * huili-on ™
pumps in the capacity range [750-17,500 gallons per
hour at 30ft maximum head.  Vhe standard specities
a range of four suction and discharge bore sizes ~~
LYin, 2in, Yin and din, and certiain dimensions for
suction and discharge flanges, suction and discharge
stubs, the pump shaft in the immediate vicinity of
the coolant seal, driving splines, the mounting flange
and spigot and housing for coolant seals. It 1s
envisaged that pumps embodying these features will
be suitable for use on future industrial, locomotive
or marine engines in the power range 150-2000 h.p.
The standard, which is illustrated, contains an
appendix which sets forth a number of useful recom-
mendations on pump design,

FILLER RODNS AND WIRES FOR INERT-GAS
ARC WELDING : PART 1, GAS-SHIELDED
TUNGSTEN ARC WELDING

No. 2901 : 1957. Price 6s. This standard con-
tains requirements for the more commonly used
ferrous and non-ferrous filler materials, although it
has been thought advisable at the present time to omit
requirements for ftiller rods and wires for mild steel
this because of the current ditlicultices cncountered m
welding this imaterial by the gas shiclded tungsten arc
process.

It is pointed out that although the rods and wires
specified in this standard are all suitable for some
form of gas shielding, certain rods and wires are not
suitable for shielding with a particular gas, and pur-
chasers should therefore ascertain [rom the supplier
whether the rods or wires are suitable for a particular
gas shielding.



wny gain.  Furthermore, if some of the oxides
‘cave the nozzle in solid form, the exhaust will
e very smoky.

\lthough liquid hydrogen appears so

artandimge, e has one major disadvantage
apart fromats low boiling point. 1t is that its
density 13 very low and consequently a very
T ge capacity tank is required compared with
that for a more conventional propellant giving
the same total thrust. Not only does this
atfeet the drag of a rocket adversely, but also
the empty weight, particularly in view of the
insuliatiop problem. It is almost certain that
a1 sonme stage 1 space rochet development,
hydrogen will be used as fuel, but at the
present time advances are more likely to be
suceessful using hydrazine (N,H) or ammonia
tNH,) as these give better overall propellant
volutive deusities as indicated in Table 1I.
In this connection it may be remarked that
the solid propellants score heavily.

The more advanced  oxidants  are not
attractive, apart from their potential per-
lormance, as they are cither toxic, unsuitable
o1 incompatible with most engineering
malterials.  Pure ozone is extremely shock
sensitive and will explode easily ; similarly,
liquid fluorine needs to be produced on the
rocket firing site to avoid transport problems
and the ditliculties ol controlling the toxic
oax which constantly boils off,

In the motor itself, these advanced pro-
peltants raise problems of sealing, strength
and corrosion. Most sealing materials
become brittle at the low temperatures of
liquid oxygen and other similar fluids, the
design  of joints must allow for thermal
distortions  and shock conditions where
eatreme changes in temperature occur, and
lubrication of pump bearings and the opera-
tion of valves becomes difficult.

RELIABILITY

Because the rocket vehicle and its pro-
pulsion system are designed with the barest
nunimum  of  safety margin,  there are
number of rishs of finlure occurring before
or during the launching. Apart from the
ik of mechanical failure of a component,
there are various functioning sequences which
must operate correctly. For example, the
pumps must be driven at the appropriate
speed and propellant injection and ignition
be correctly phased. It is probable that the
iwniton Is the most critical event in the
launching  programme.  Adequate energy
must be supplied to the propellants as they
cnter the combustion chamber to ensure
ignition without a delay of more than a few
milliscconds. Otherwise there is the risk of
propellant accumulation and a “ hard  start
m which the sudden ignition of a large
quanily ob propellant gives a high shock
prossure with resultant damage. This ignition
difliculty may be greater in the late stages of
the multi-stage rocket when pressure and
temperature conditions are lower than at
ground level.

Generally, multi-stage rockets will have a
much lower reliability than a single-stage
unt For evample, if the chances of success
are Y0 per cent tor a single-stage unit, the
three-stage vehicle would have only a
B9 09 09 73 per cent chance of
success.  The figure of 90 per cent used may
well be on the high side for experimental

rochets of the size involved in satellite
launchings. This would be the stage

retiability if the number of components
unolved sas only 120 and the reliability of
cach one was 99-9 per cent.

it is clear, therefore, that the failure of the
" Vanguard ” rockets was not unlikely,
and also that the Russian success points
sither to a large slice of luck or else to a very
highly developed vehicle.
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Theory of Regenerative Machine
Tool Chatter’

By S. A. TOBIAS, D.Sc, Ph.D,f and PROFESSOR W. FISHWICK, Ph.D.}
(No. II—Concluded from puge 203, February 7)

Tur EXPERIMENTAL DEIERMINATION OF THE
. Facror k,

Before we turn to the eaplanation of the
use of the stability chart it will be convenient
to discuss the physical significance and the
method of determination of the parameters
which affect its shape. The factors &, and ko
appear in the work of previous investigators
and so they do not need any further dis-
cussion. (k¢ docs not enter at all in the case
ol type A chatter.)  Thus, we shall be con-
cerned only with A, and K=k, —k;, which
are entirely new and which may as a result
be viewed with suspicion.

According to equation (7) the incremental
thrust dP; is required for the production
of an alteration of the cutting conditions,
specified by ds, dr and d©2:-0 (dv  0). This
foree consists of two parts. Pl first part
ky . ds will be required for the removal of
the additional chip thickness and the second
part Kdr/Q is necessary for the alteration
of the feed rate. The term Kdr/Q represents
the difference between the total thrust incre-
ment k,dr/Q, calculated as though dr was a
steady state increase, and the actual thrust
increment A,dr/Q, caleulated for an inde
pendent variation of the feed rate by dr.
This term can be interpreted as being essen-
lially due Lo two physical elfects, the penetra-
tion effect and the rake angle variation effect
both dependent on the instantaneous feed
rate.

Consider a cutting tool which is about to
come into contact with the work  picee.
Betore cutting can commence a finite pressure
between the cutting edge and the material
is required.  To begin with, this pressure
causes an elastic de-
formation at the point
of contact, and after it
has reached a certain
level the work piece
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While the penetration cffect causes an
increase of the thrust for an increase of r,
the rake angle effeet results inits reduction.
Fig. 9 shows a cross section of the cutting tool
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A variation of the [eed rate r by dr results in a rake angle variation

of dp  dri2rnRQ.
Fig. 9—Variation of the rake angle

of one of the cases shown in Fig. 1(a) to 1(c)
in a plane which passes through the cutting
velocity and the dircction A As can be seen
from the figure, an increase of r by dr results
in an increase of the effective rake angle @ by
d®=dr/2n RS}, where R is a radius from the
centre of rotation. This causes a change of
the thrust increment by ko . dr/2rn R, where
ko<<0. kg is determined by machining with
tools of various rake angles (Py) under
otherwise identical conditions and by plotting
the thrust #; as a function of ®y. The types
of curves obtained for drilling are shown on
Fig. 10(a) and thosc for turning on Fig. 10(5).
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material commences to
flow and the tool can
penctrate. When the
tool is cutting and it
is required to leave its

5,7 0016 Inchjrev
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$o= 0016 Inch/rev.

steady motion and
penetrate deeper into
the material, an addi-
tionad thyust 1s necess-
ary besides the thrust
used for the removal
of the increased chip
thickness. This addi-
rional thrust is used for
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breaking the surface 5°
and to overcome the
tesistance due to g
change of the angle of
flow with respect to the
cutting edge. The con-
ditions arising are
obviously of great complexity and are not yet
fully clarified. However, it can be seen
intuitively that the additional thrust is ap-
proximately proportional to dr and inversely
proportional to €.}

* ‘T'us article is an extended version of a paper read at the
“Second Colloquium for Machine Tool Research and Design »’
(129.5FsoKoMn), held at the Technische Hochschule, Minch

t Assistant Director of Research, Department of Engineering,
Cambridge Univenitr.
ofessor of Elecirical Engineering, University College,
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(a) drill thrust as a function of the helix angle; (&) cutting thrust component P, as a function of the

rake angle for turning.

Fig. 10—Determination of the factor k,

The determination of k¢ from these curves
is obvious from the figures and it is clear that
ko<0.

Whether K0 or K70 depends on which
of the two effects is the dominant. In the
case of drilling into solid material the penetra-
tion effect is the dominant owing to the
chisel edge which offers great resistance to
an increase of the feed rate. The same is
true for grinding since in that case one cannot
speak properly of a rake angle and so in
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botly cases K>-0. When drilling up a pre-
drilled hole the chisel edge is absent and
according to the analysis given by the authors?
we should find K<C0. The same analysis
ought to apply also to face milling and turning
and so they should also have o K<20 or, at
feast, very small.

A und, to some extent, A, are dependent on
a great many factors which affect the thrust.
Among these it is worth while to mention
the condition of the cutting edge (sharp or
blunt), its geometry (shape and cutting angles,
reliel angle), the frictional conditions (cutting
fluids), the work piece marterial, &c. It is
one of the main advantages of the present
theory that these factors do not appear
eaplicitly and as a result the mathematical
procedure is relatively simple. Their effect
on the stability of machining is investigated
by analysing their effect on th¢ numerical
value of &, and k,.

k, and so K can, in principle, be determined
by both static and dynamic tests. In the
case of static fests the experimental condi-
tions are devised in such a way that the chip
thickness s can be varied independently of
the feed rate r. When shaping the chip
thickness can be varied while keeping the
rate of penetration constant (r-=0). By
preforming the upper surface of the chip to
be removed to vary in, say, a linear way and
measuring 2, we obtain P(s) in a single
test (for r--0), and trom this curve &, is
determined by graphical differentiation. The
same idea can be adopted to a lathe tool by
shaping the end of a tube suitably and
measuring P, during one revolution. This
experiment can be carried out for various
feed rates and can also be adopted to grinding.

The dynamic determination of &y is most
conveniently based on equation (9). The
experimental conditions must be devised in
such a way that both A and Q can be varied
in small steps.  is adjusted for chatter to
occur in some rotational speed band. After
(hat €2 is varied tll the system is on the
threshold of stability—that is, small oscilla-
tions of amitorm amplitudes occur and so
x..0, For this case equation (9) can be
written

dP, k,(l -1L COS iT e)mx

Assuming that k, has previously been deter-
mined and so, since 1, m oand Q1T are
given, by measuring dP,, », x and dx/d! the
factor k, is easily calculated. Care must be
taken that the experimental conditions corre-
spond to the threshold of stability. If the
conditions correspond to an unstable point
ol the wtability chare the amplitudes will be
large and non-lincar effects enter which will
affect the reliability of the measurements.
I the adjustmeni of threshold of stability
conditions proves to be impracticable, then
records of the actual building up or decaying
of the vibration amplitudes can also be used.
These will yield » and in conjunction with

cquanion (9) linally &, and so K.

T USE OF THE STABILITY CHART

It will be appreciated that one of the major
advantages of the present theory lics in the
fact that the conditions under which chatter
can exist can be surveyed at a glance and that
steps o be taken for its avoidance can be
decided without taking recourse to tedious
calculations of stability conditions. From
the point of view of the application of the
stability chart it is not even necessary to be
familiar or to understand the underlying
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mathematical theory or the physical pheno-
mena which produce chatter. In this sense
the stability charts presented in this paper are
similar to other charts used extensively in
the design oftice or the workshop.

In general, the present theory recommends
that when designing or using machine wols
the dynamic stiffness a for each mode between
work piece and cutting edges should be kept
as high as possible. This results in a raising
of the Qn, line in Fig. 5to Fig. 7, as a result
of .which the area of the unconditionally
stable region is enlarged. An identical result
is achieved by decreasing k,;, which is
dependent on the tool form and the work
piece material. Similarly, K is also deter-
mined by these factors and an attempt to
make K a large positive value is worth while,
since this ensures freedom from chatter at
low rotational speed. In those cases where
the damping of’ the system is to some extent
under control, large damping (low values of
() obviously should be striven for since
this also increases the stability of the system.

Consider now the application of the
stability chart to a design problem. Since
the natural frequencies and their correspond-
ing damping @ of similar types of machines
vary but little, the @'s of the various modes
can initially be assumed to be known from
previous tests. Let the various natural
frequencics of such o machime be wyy, gy,
&c., and the corresponding Q’s be Q,, Q,,
&c. The designer is now given a series of
stability charts corresponding to the type of
machining under consideration (K>0 or
K <0) which have been calculated for various
values of the parameters k;/2 and K/x. From
these he selects one chart for which the
Q. O, U &, lines (parallel to the
mQjw, axis in the charts) fall entirely in the
unshaded region. He thus has fixed a value
for k,/». From the maximum required cut
he can now find the maximum value of k&,
which is likely to occur and so he obtains &,
1.e. the required dynamic stiffness between
work picce and cutting tool.  This pracedure
may be moddied in the case ot special
machine tools which have only one rotational
speed and for which the most suitable speed
is ecasily found from the stability chart.
When designing entirely new machines the
natural frequencies can bhe found by building
and testing a model and using the results in
conjunction with the stability chart for the
determination  of the  most ccononnea!
designs.

The machine tool user is advised by the
stability chart in the proper choice of
machining conditions (speeds, feeds, suitable
tools and work piecce materials and suitable
foundations,? &ec.). Let us assume that
Fig. 7 represents the stability chart of a
certnin machining job which he s about o
carry out. From previous tests he may
know that in the particular machine a mode
of vibration with «, natural frequency and,
say, Q.=14-5 is liable 10 cause chatter. The
Q.=14-5 line in the stability chart intersects
the shaded area (unstable regions) between
1-84=>mQfoy~1:15 and  0-67mQlw,
0-56. 'T'his means that i’ he wishes to avoid
chatter the rotational speed must not fall in
the speed bands [-84 (w,/m)>Q>1-15
(wo/m) and 0-67 (wo/m)=>>Q>0-56 (w,/m).
He can thus find the most suitable machining
conditions.  This procedure may be too
cumbersome for most practical cases, but it
will be worth while when the machine will
carry out the same operation for a long period
(for instance, in the case of transfer machines),
since by the elimination of chatter tool life is
greatly increased.

When buying a new machine the customer
1s able to compare the dynamic performance

=

of competitive designs by simply cormpain,
their stability charts determined for semo
standard machining conditions.  Stahilins
charts can also be used as a compatiti,
measure for different designs ot tools. WL
testing various tools on the ~ame e .
e und x can be assumed to be hept o
stant.  As a result the stability of cach toui
and the test machine will depend solely on £,
and K. Thus, by determining &, and A (i
certain standardised conditions (muctunics,
work picce material, &c.), the tool designer
able to give a direct measure of the chang
behaviour of his tools. He will be exvpeor
to design tools which have a small x,
large positive K values.

1t should be added that the stability chuii~
can also be used for the investigation ot some
special problems, {or instance, the ellect o
flexible supports on the chatter behaviows o

o

machine tool. A paper dealing with thi
problem is about to be published.®

From these remarks 10 will be clear that (.
problem of machine tool chatter will he

solved economically only by a collubaration
of the machine tool designer, the (o]
designer, the metallurgist and the machine
tool user, There is no doubt that by design-
ing machines of exceptionally high’ stitness
chatter can be eliminated by the sole etforns
of the machine taol designer  Fhe essentin
question s, however, whether this course s
in fact economical and whether machues
designed in this way will ever become com-
petitive as long as the tools and the materials
used are liable to chatter and insuflicient carc
is taken by the user concerning the founda
tion. Since chatter is due to the interaction
of a large number af factors, it is only oy
expeeted that its economic solution. will be
achieved only by a collaboration of .l
concerned.
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University Scholarships

THE firm of Guest, Keen and Nettle-
(olds, Ltd., is ollering three universits
scholdrsmps each year to boys who mich
not otherwise be able to aecept 1 plice
university. this schenie s 1 line witl
those recently instituted by other companies
and engineering organisations and is  de-
signed to help boys whose parents’ incomes
are such that their state scholarships or loca!
education authority grants arc  drastically
reduced by the operation of u means test
The firm will pay the studenis’ fees 1o 1
unnversity ot college i the normal way
but the students will rank as employees o
the company and their maintenance and costs
will be paid as a salary, subject only to
deductions of income tax and Nationdl
Health Insurance.

The students, of whom two ecach veus
must be engineers, will be selected by
special board. G.K.N. students will work
during their long vacations either with
group companies in this country or with
recognised companies on the Continent,
and will be paid an additional safary. The
lime spent on this approved WOl’l\Sh(»p
training will be deducted from the two vear
requited tor the full graduate apprentceship.
which will be served with the compan:
Application forms may be obtained from
the Group Personnel Oflicer, Guest, Keen
and Nettlefolds, Ltd., Shell-Mex House,
Strand, W.C.2. The closing date lor e
year’s applications is April 30.



