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RESEARCH FOR THE MACHINE-TOOL INDUSTRY

A, E. De Barr, Dicector, The Machine Tool Industry Reseavch Asvociation, United Kingdom

INtRODE CHION

The business ot the machine-tool mdustry is 1o mihe
machine tols, and rescarch for the maching-tool
mdustry must, therefore, have two main objectives: («)
to facilitate the design and manufacture of machine tools:
‘md (A) to improve existing machine tools and develop
HEW ones,

But machine tools are not manufactured s ends in
themselves; they are essentially means to a wide variety
of ends. Machine tools are made in order to make
possible the manufacture of other machinery  power-
stations, rolling-mills, typewriters, motor-cars ete.  and
the design of machine toals, must be determined largely
by the requirements of the production engineers respon-
sible far their use. Thus. the scope of research for the
machine-tool industry is ultimately determined by the
manufacturing requirements of modern industry. It
includes problems uassociated not only with metal-
cutting machine tools, such as lathes and drills, but with
metal-forming machines. such as presses and farging
machines and with new types ol machine tool. such as
electrochemical machines. 1t probably should also
include work on some types of casting machines and
machines for powder metallurgy. all of which can be
regarded as possible alternative manufacturing machines.
The aim of research far the machine-tool industry can,
therefore, be stated as being to help the designer of
manufacturing machines to meet the manufacturing
requirements of his customers.

Even if the customers’ needs could be completely
satisfied and were to remain unchanged, research would
still have a part to play in making it easier and cheaper
for these needs to be met. New matcrials. new technigues
and new methods of design can all he used by the
machine-tool designer in his efforts to meet his customers’
requirements. Thus even though many of the basic types
of machine tool used today were already in existence
100 years ago. research on their performance and
construction can still be justified in terms of the con-
tribution it can make to reducing the resources required
for their design and manufacture.

Of course. the needs of users of machine tools do not
remain unchanged. Today's machine tools must be more
accurate, more versatile and more economical to use than
their predecessors were, while, at the same time, they are
required to work at higher speeds and on a wider variety
of materials. The improvements have been achieved by
the development of greatly improved structures, mech-
anisms, control systems and machining techniques, and

s2.

s o further improvements o the saime hind tt mudh
current machime-tool research s direcied \iheueh the
older types of machime 100 are contmualiy bemy e
proved, they are st anabie 1o meet alf the necds of the
maodern production engieer, New machimmyg piocesses
are necessary 1o meet the requmements of 1echnolosic
advanced industries, such as the acrospace did nuclen

power industries, which base therr designs on the use ol
materialy which are dihenlt, i net nposable, 1
machine in the conventional wav. And even i the mass
production industries, cconomic consideranions emph.-
size the need for nuamutactiring processes which do not
ivolve the wastage, as swarl or serap, of Lige propon

tions of the raw material parchised. Tmproved versions
of the older types of machine tool have, therelore, been
supplemented by entirely new machine tools  clectro-
chemical machines, hgh-energy forping machines and
even, for some  purposes. clectron-beam  and  Fases
machines,

Conventional metal-cutting processes. which depend
upon plastic deformation and shearing of the work prece
material, have been studhed for many years and, although
they are not yet fully understood, a considerable body ol
data s availuble on which to base the design of machine
tools. Little information s yet availshle, however, about
the mechanism of machiing by lasers, tor example,
Thus, although the snccesstul design and operation of
these newer types of machine tools sull depends npon
hasic research on stractures and mechanisms, it requres.
in addition, the hacking of considerable rescarch into the
fundamentals of the processes themselves,

Nevertheless. whether it s intended o facinate the
design ol a comventional mactine ool or 1o develop
new  machining process, the results of research mnst
eventually be incorporated into a machine tool. And the
rescarch s successful onty 1 the machine tool s stselt
successful in production condinons. Much, but not all,
of the research and development required tor the pro-
duction of a4 new machine ool can he done by the
machine-tool maker. or in government and  other
laboratories. But the successful desclopmert of 4 new
machine ool requires also a substantial contnbution
from users and, indeed. the rate at which new machine
tools and processes can be developed and applied proh-
ably depends more upon users than upon the manufac-
turer. Machine-tool research, if it 18 to be frusttul, must
be accompanied hy equally basic studies in production
engineering. The quality and guantity ol produchion
engineening reseirch mast keep pace with the conader-
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able recent growth of research for the machine-tool
industry. and the economies and organization of manu-
tucturing must. therefore, be added to the hist of topies
for study.

In practuce, the way in which a machine tool iy used
can be as important a factor in determining whether or
not 1t as suceessful as the guality of the engimeenng that
has gone into ats design. Thus, studies of all aspects of
machme-tool uatibization. including  ergononues. abso
form a vital purt of machine-tool reseurch

1t 15 obviously impossible, i a single paper. to deseribe
completely all the problems and procedures of muchine-
tool rescurch. In this paper. therefore, some of the main
problems of current interest will be described 1in relation
1o their backgronnd, and an indication will be given of
the way in which the problems are being tuckled and of
some of the results obtained.

The work deseribed s based mannly on that of the
Michine- Tool Industry Research Assoviation (MTIRA),
a4 co-operative  research  assoviation working for  the
machine-tool industry 1 the Umited kingdom of Great
Britimn and Northern Ireland.

L. MACHINE-TOOL STRTCTURES

The functions of the structure of a machine 100l are,
first. to support the workpiece and cutting tool: and.
sweondly, to allow relative motion of prescribed kinds
between the tool and the workpiece. Furthermore,
accuracy must be mamained even when the structure is
subgected to the forces required 10 machine the work-
preve. Thus, the structure must not only be geometrically
accurate, it must dabso have high stffness to permit it to
resist deformation by cutting forces. A structure which is
shltf enough for this purpose wil, almost invariably, also
be strong cnough o support the workpiece,

it is convemient to discuss separately the problems of
geometriwal accuracy and suffness, and although the
examples quoted in this section reler mainly to metal-
cutting machine tools, the prinaiples discussed apply also
to all other 1, pes of machine tool,

A. Accuracy

Fundamer ally. accuracy niust be built into a machine
tool; surtaces must be flat und perpendicular or parallel
to each other, shides must move along straight hines and
spindies must rotate about defined axes. All this must be
achieved by accurate manufacture, and the main con-
tnbution of iesearch has been to the techmigues of
measurement.

As standards of accuracy of machine tools have
increised,  particularly  on farger machines, wiln the
spread  of numencal-control systems, 1t has become
mcreasingly ditficult 1o measure the performance of the
completed machine tool with an accuracy comparable
with the resolution of the measuring scales on the
machine. This problem has recently been cased consider-
ably by the developmenmt of portable laser interfero-
meters, and this instrument s g good example of the way
in which research i fields which are apparently remote
from machine-tool technology can be applied to the
benetit of the machine-toul industry. tReference has
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alrcady been made to the use of solid-state lasers for
machining operations: a further development of laser
reseiarch s discussed in a subsequent section.) The
high degree of coherence in the hight emitted by a single-
maode gas kiser permits fringes to be formed between two
heams of hight even when their optical-path lengths differ
considerably. With suitable corrections for temperature
and atmosphenie pressure. therefore, lengths of up to
S metres can now be measured to an accuracy better than
I part in 10",

Thus lisers, discovered only in 1961, are alrcady in
routine use for calibrating machine tools that could not
be checked 1o the required accuracy in any other way
(»ee digure ).

The availability ol this instrument makes possible the

calibration, under workshop conditions. of both large.

and small machine tools with an accuracy hitherto
attinable only under standards-room conditions.  Al-
though much remains to be learned about the practical
application of machine tools of laser interferometry. it
seems likely that this new technigue will have an
immediate beneficial eftect on the performance of the
more accurate machine tools and. at the same time, will
stimulate research into methods of achieving sull greater
accuracios.

As mentioned above, it is the application of numerical-
control systems to large machine tools that has been
mainly responsible Tor the growing need for more
accurate calibration of the linear displacements of the
moving parts of machine tools. With manual operation,
small adjustments 10 correct residual inaccuracies can
always be made by the operator but, as yet, these same
adjustments cannot  be  carricd out  automatically,
although the development of adaptive control systems
for machine tools (which are discussed later) may even-
tually make this possible. At the current time, however,
although numerically controlled machine tools are
capable of a higher degree of repeatability than are
manually operated machines, they can achieve the same
absolute accuracy in practice only if they are inherently
more accurate or if they are controlled from the actual
machined dimensions of the workpiece, rather than from
the relative positions of tool-holder and work-table, as is
more wual. This requires some form of “in-process™
gauging to measure workpiece dimensions immediately
behind the cutting tool. Pneumatic gauging systems are
already being applied in this way for the control of
cylindrical- and disc-grinding machines. and versions
suitable Tor use on lathes are now being developed.
Mechanical systems for measuring the diameter of large
bores by rolling a dic around the periphery ure also
used. Other methods of in-process gauging which are
currently being developed include the electronic measure-
ment of the dimensions of an image of the workpiece
projected on 10 a welevision camera tube, and the optical
straight-edge system shown in figure 2, which illustrates
yet another possible application of lasers to machine
tools,

Unul quite recently. one could not expect a machine
tool to machine 1o an accuracy better than that of the
machined surfaces in the machine tool itself—slideways,
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Figure |

LASER INTERFEROMETER CALIBRATOR ESED BY MACHINE-TOOL INDESIRY RESEARCH ASSOCIARLS FOR CHECKING FIIE

ACCURACY O

bearings etc. However, the growing use of hydrostatic
bearings for slideways and spindles means that this is no
longer true. A shide supported on a film of ol under
pressure will, because of the integrating effect of the oil
film. move along a line which deviates from the straight
appreciably  less than the actual shdeway surface.
Similarly. a spindle supported on hydrostatic journal
bearings can rotate with less eccentricity than is presem
in the bores of the journal bearings. Research on hydro-
static bearings (which are discussed more fully below)
has thus led to the possibility of using a machine ool to
produce a series of further machines, each of which is
more accurate than the last.

H is also possible, using a recently developed type of

hydrostatic bearing pad (see figure 3) to correct auto-
matically for gross errors in the straighiness of slideways
by causing the slide to follow a path detined by a beam
of light. An arrangements of photocells detects any
deviation of the slide from the desired path and correc-
uons are effected by increasing or decreasing the thick-

A MACHINE tOO)

ness of the ol film between the shde and shdeway. The
stiffness ol the system normal to the plane of shdog s
now determined by the gain in the error-control system.
Although research on this subject s contiing,  the
system would currently appear to be practicable only in
special  circumstances. However,  the possaibility - of
obviaung all need for accurate machimng of machine
tool surfaces by using optical means of gudance and
serve systems to provide the requured structural stillness
15 an attractive one.

Hydrostane shideway beanings have the addtional
advantage that, as there iy no metal-to-metal contact
during shding, there is no wear. Moreover, as explamed
above, a small amount of wear does not necessanly
affect the accuracy with which the slide moves. With
adequate tubrication and properly htted shdeway covers,
wear can often be reduced to neghgible proportions It
is still sometimes necessiary, however, to operate shde-
ways without protection and, in general. it s necessary
to take account of the possihility of wear of shdeways
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which operate under conditions of boundary or hydro-
dynamic lubrication. 1If wear of slideways is likely to be
experienced. care should be taken to position the slide-
ways in such a way that wear has the least effect on the
accuracy of machining. For example, by supporting a
machine tool slide on three sliding surfaces arranged so
that the normals to the surfaces interesect at a point, any
rotation of the slide as a result of wear of the surfuces is
minimized. Figure 4 shows a practicable arrangement of
three surfaces which approximately meets this condition.

Opc

O
\CA

Figure 4

A PRACTICABLE ARRANGEMENT OF SLIDING SURFACES
WHICH APPROXIMATELY SATISUIFS THE RULE FOR TN
MINIMUM EFFECT OF WEAR

Such an arrangement might be used to support the saddle
of a lathe and if, in addition, the axis of the lathe spindle
passes through the point of intersection of the normals,
then wear will produce only a tangential displacement of
the cuting tool, which will have little effect on the
accuraey of the machine tool. In practice, it would prob-
ably be suttictent 10 arrange that the lathe spindle was on
a line joiming the point of intersection of the normals ad
the point of the cutting tool,

Similar considerations can be applied to determine
the best geometrical arrangement of slideways for other
kinds of machine tool.

B. Stiffness

The cutting forces which tend to distort a machine 100l
structure do not remain constant, even under nominally
uniform cutting conditions. Interrupted cutting con-

(A

ditions or varatons i wWorkpiece properties van give
rise to altermating components of cutung torce snper-
imposed on the steady forces, and the aliernating torces
will produce forced vibrations ot the siructure which
may result i a wavy suituce on the workpiece. A
machine-tool structure: must. theretore, be not onh
statically suflf so as to resist detformation by steady
forces, but also dynamicatly sttt in order to prevent
alternating components of cutting foree from giving rise
to large amplitudes of vibration. Since it is impossible
to know the frequencies of all the alternating components
of force (although there will ustally be components at
the frequency of revolution of the spindle and at cutter
tooth frequencies). 1t is usually desirable 10 muke the
natural frequencies of vibration of machine-tool struc-
tures as high as possible so as to minimuze the chances of
excitation of vibrations of Lurge amplitude. In general,
therefore. the objective of a high dynamic stiffness s
usually interpreted as meaning a high nawral frequency.
Damping is also important, however, and at resonance
the effective stitfness s determined mamdy by the
damping in the structure,

In some crcumstances. when the damping in the
structure 1s small, energy can be fed hack from the main
drive to build up and sustain vibrations of the structur:
at a frequency approximiuely equal to the natural
frequency of vibration. Such “regencrative chatter”
vibrations van he ol large amplitude and, i addition to
leading to poor surfuce finish, may even lead to actual
damage 10 the workpicce, cutting tool or machine strue-
ture. The theory of chatter vibrations, has been exten-
sively discussed in the hiterature, but althongh the
phenomeunon is reisonably well nnderstood, 1t is stll not
casy to design from lirst principles a structure that can be
guaranteed not to chatter.

The accuracy of movement of a machime tool s
normally assured by some form of aceeptance test, and
it would be useful for both makers and nsers i the i tual
machining performance of a4 machime ool could bhe
tested in a simitar way, Dynanuc acceptance 1ests would
include nowse level, power avanlable at the spindie cte.,
but they would be reafly useful only F they provided o
measure of the inherent resistunce of the mactine tool to
chatter. The ditlicalty 15 1o devise an obgectine and
meanmgtul test, as small dilferences i stiffness and
damping can have a great ctfect on perfornmance. A
machine tool may perform satisfictonly with one work-
piece and cutiang tool, bnt nnsatistactonly with other
workpieces and tools, even though these may be essen-
ually similar to the first.

Even when o machime tool s known to be unsatis-
factory in respect of chatter behaviour, it s ot always
casy Lo say just how it can be improved. Increasing the
static stitfness may help, but this could have the opposite
effect by bringing the natural Frequency ol the structwe
into near coindidence with an exating trequency. fndeed.
it v often possble to improve the nachimng capabilitics
of a machine tool by reducing tts sttfness in i particular
direction. In general, however, the best way of reduding
liability 10 chatter would undoubtedly be G increase the
damping in the structure, although this 15 not easly
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achicved since the sources of damping in machine
structures are not yet fully understood.

The inherent damping in cast-iron or steel structural
members is only a small proportion of the total damping.
although it is possible to increase the damping in welded-
steel structures by the use of a laminar construction, in
which there is a relative movement at the interface when
the structure defiects. Sand or concrete filling can also
increase the damping of a structure, although there is
littlke quantitative information available. Joints certainly
contribute a large proportion of the damping. presum-
ably by friction when the joint surfaces move in relation
to each other. Increasing the relative movement will
increase the damping. but only at the expense of reducing
the static stiffness. Oil films, such as those which are
formed in hydrostatic slideways, are capable of dissi-
pating energy as the thickness of the film varies cyclically
and are thus potential sources of damping. The damping
effect increases rapidly as the frequency increases. but,
unfortunately, so does the stiffness of the oil film (see
figure 5). At frequencies greater than a fow cycles per
second. therefore. the oil film is probably as stiff or as
stiffer than the rest of the structure. so that alternating
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IN-PHASE AND QUADRATURE STIFFNESS OF A HYDROSTATIC
THRUST DEARING WITH AN 0.04-MILLIMFTRE OIL FILM

A. E. De Barr

forces will produce little variation in thickness of the
film and there will be little contribution to the damping,
The problem of finding effective ways of increasing the
damping in machine-tool structures therefore remains to
be solved.

Until more is known about the dynamic behaviour of
machine-tool structure, it is probably best for the
designer to aim at producing structure with high static
stiffness and high natural frequencies of vibration. This
means, in practice, that the stiffness has to be achieved
using as little structural material as possible. Michell
structures -- orthogonal pin-jointed frame structures so
proportioned that the stress is constant everywhere —can
be shown to have the maximum stiffness to a given set
of forces for a given weight of ma‘crial. The saving in
weight can be appreciable (see 1gure 6) and these
structures would seem to be a good approximation to
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COMPARISON OF THE VOLUMES OF DIFFERENT TYPES OF
CANTILEVER STRUCTURE

structures of high natural frequency. Unfortunately,
Michell structures can, as yet, be specified only for simple
two-dimensional sets of forces, although research to
extend their range of application is continuing. More-
over, practical continuous structures can only be
approximate to true Michell structures.

For the time being. therefore. machine-tool structures
must be designed using more empirical methods. Strue-
tures which are stiff to bending. torsional and shear
forces are required (the need for shear stiffness is often
overlooked. but deflections due to shear can represent
a large proportion of the total deflection of some
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structures), although the relative nageitudes 0 s
forces witl vary from one maching tonrd o gt bn
general, it i best 1o base the design on o striciire win o
has manimum torsional stitfness smce sl o slsaa b
wswally has good bendmg amd shear stfiees alae rws
ligure N,

A major problem s the need o prevent fow ol distontion,
and 10 ensure that the material o tin
far o~ possible. undormiy sireswd S st e
models are often usctul Tor showing up wedknessos and
for suggesting ways ot sttfeming o structure Woas
regions, stich as can be caused by holes. arast e stiened
by properly placed nibbing, and arangemenis must by
made for spreading point loads
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Tests e models are also often uwd by prodi ting i
suffness of full-scale strintures More recenthy e weve
as a result of research. 1t has becomw possbic b v
computing techmgues tor preduting the st
dynamic suffnesses and modes of vibratross of prospsoasd
structires. 1 is necessany o represent the  propsaesd
structure by a lumped-parameter model and Lo dew nibe
in reasonable detarl the shapes and sres of the vartous
structural elements. Once this hus been done however
stiffnesses. mode shapes and  natural  trequencies o
vibration cian be determined by unng the programow
prepared for this purpose. The effects of  propeosed
modifications 1o the structure are casidy caboulatod abso
It seems likely that the use of computer teuhngues i this
way will gradually replace model tests for the study o
the dynamic behaviour of structures

Jomts can contnibute & large part o the total com
phance of 4 machine-tool structure and thet effect mos
be taken into account m any consideration of siructural
stiffness. Studies of goint behaviour hase shown the
importance of inlerface pressure and surface fimash o
the joint surfaces. and 1t s now possibie 1o predut the
effective stiffnesses of simple pounts This ivformatiom can
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to achieve the necessary stability. The possible advan-
tages of concrete s structural material for machine
tools include reduced cost. reduced transport charges
hecause large structural elements can be ciust on site,
and. possibly. mcreased damping. A full assessment of
the tse of conerete in this way cannot be made. however.,
untl more data are avinluble on stability and damping
capacity .

Although cist iron 1s stfl the most commonly used
material for machine-tool structures, fabricated struc-
tires are being used to an increasing extent and offer
ceonomic advantiages in some circumstances, particularly
when the shape can be chosen to take advintage of the
increased modulus of elasticity of steel. as compared with
that of cast-iron. The possibility of introducing additional
damping into fabricated structures has already been
mentioned and the case with which modifications can be
made to fabricated structures is also relevant. Modular
(s.g.) cast-iron,  whose properties are ir:ermediate
between those of steel and ordinary grey cast-iron, is also
worth studying as « possible structural material.

For obvious reasons, plastic materials are not fre-
quently used for the structural members of machine tools.
but are increasingly used for non-load-bhearing com-
ponents. Laminated plastic inserts impregnated with
PTEE are used as slideway materials, as are various soft
non-ferrous alloys.

111. MECHANISMS

Although stiffness is the main criterion in the design
of the structural elements of machine tools, relative
moveinent of structural members—slides on slideways or
spindles in journal bearings—is often necessary and
bearings. both plain and journal, ire important elements
of machine tools. The usual requirements are for stiffness
perpendicular to the direction in which movement is to
be permitted and li‘tle resistance to movement in the
desired direction.

The simplest and cheapest slideway bearings are plain
lubricated bearings, and much etfort has been devoted
to examining lubricants and the shape and finish of
Jliding surfaces in attempts .0 reduce wear, reduce
friction and ef'minate stick-slip effects. Reproducible and
relevant results are not easily obtained in tests of this
nind but special oils and laminated plastic impregnated
with PTFE, or soft metal surfaces sliding on hardened-
steel or cast-iron surfaces have permitted the manufac-
ture of low-friction, wear-resistant slides and slideways,
with controllable friction characteristics. The advent of
numerically <ontrolled machine tools has, however,
accentuated the need for slideway bearings requiring
even lower forces to move the slides, and rolling-element
bearings of various types have been developed to meet
this need. But the stiffness normal to the plane of sliding
is not easily obtained without pre-loading, which in-
creases the effective frictional force opposing movement.

Hydrostatic slideways, in which the sliding surfaces
are supported by u film of fluid—ml or ai--under
pressure, offer many advantages. The film of fluid can be
made very stiff to forces normal to its plane, but it offers
little resistance to sliding motion and the effective
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trictional force (viscous) increases with velocity so that
there is no danger of stick-slip effects. Moreover. the
integrating effect of the tilm of fluid means that the shide
meves along a line which can be more neurly struight
tkan the shideway itself.

The Aluid used may be gas fusually airy or oil. Air has
the advantage of not requiring collection after use. but is
expensive to supply at the pressures and volumes required
and has hittle damping capacity. Oil 1s cheaper to supply
and it cun provide damping of motion in and normal to
the plane of sliding: furthermore, hydrostatic shdeways
using oil are easier te design thun those using gas, The
main disadvantage of o1l is the need to collect 1t after
use and to keep it free from contamination with cutting
or other fluids.

Hydrostatic slideways are made stift normal 10 the
plane of sliding by supplying oil to the slideway pockets
(see figure 8 via some form of restriction. Any tendency
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Oii In
i 1
‘O“ ot b s e “ ey WP APEPEIEP | m %
Pool (or celi ) Shde
Pad land
Figure 8

CRISS-SECTION OF HYDROSTATIC THRUST PAD

for the thickness of the oil film to decrease. say, when
the load changes is opposed by the resultant increase of
pressure in the oil film, the thickness of which thus tends
to stay constant. The simplest forms of hydrostaitic
slideway use capillary restrictors, but more elaborate
diaphragm-controlled restrictors have been developed.
With the latter. the pressure in the oil film varies the
resistance of the restrictor in such a way that even
greater stiffness can be obtained. Single-sided hydrostatic
slideway bearings often suffice, but there are many
advantages in using opposed pairs of pads. These will
not only support loads in both directions, but can be
made with greater stiffness than can single-sided bearings.
Moreover, their stiffness is less dependent upon the load
carried.

Hydrostatic slideway bearings are relatively easy to
design and make. There are, however, many variables
involved and the development of procedures for opti-
mizing the design has involved much research. The
relations between stiffness (and load) and restrictor
resistance and oil-ilm thickness are complex (see figure
9): it is also necessary to consider the area available for
the bearing pads. the oil-supply pressure and the mini-
mum allowable gap (oil-film thickness). Account must
also be taken of the heat generated and the pumping
power required; and, in general, it is not possible to
minimize both these quantities simultaneously. There-
fore, the final design must aiways be some kind of
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STHENESS CONTOURS FOR A TYPICAL HYDROSEATIC PAD-PAIR

compromise, but with all the data available in a readily
usable form, the designer can easily choose a design
which best suits his conditions. The preparation of design
data of this kind for hydrostatic bearings and other
mechanisms and structures is an important objective of
research for the machine-tool industry. In the United
Kingdom, the Machine Tool Industry Research Associa-
tion prepares "MTIRA notes for designers”, which
present in analogue (graphical) form the results of
extensive compultations to permit designs to be optimized
for any given conditions.

A similar approach is adapted to the design of hydro-
static journal and thrust bearings, although the number
of variables involved is even greater than for plain
sliding bearings and the problems are correspondingly
more complex. However, studies of the phenomena
involved have led to an understanding of the behaviour
of these bearings (see figures 10 and tt) and to the
development of design procedures which peimit opti-
mization for any given conditions. Conventional rolling-
element journal bearings can be pre-loaded to give the
required radial stiffness at low speeds, but pre-loaded
bearings cannot be run at high speeds because the heat
generated in the bearings would cause seizure. Unless,
therefore, arrangements are made to remove the pre-load
as the speed increases, it is not possible to achieve
uniform stiffness over a wide speed range. This is, how-
ever, ecasily achieved with hydrostatic journal bearings.
Moreover, accurate, stiff bearings of large diameter can
be operated up to speeds which present considerable
difficulties for conventional rolling-element bearings.

Nevertheless, most machine-tool spindles still rotate in
rolling-clement bearings and research has led to the

development of highly accurate bearings of this type.
The performance. in respect of acenracy of rotation and
stiffness, of machine-toof spindles with rolling-clement
bearings depends not only upon the bearings themsetves,
but also upon the way in which they are mounted in the
machine tool. An iniaccurately machined bearing housing
can cause loss of stiffness, overheating and inaccurale
relation. Furthermore, the design of the housing and the
way 1n which it is attached to the rest of the machine-tool
structure play a large part in determining the etfective
stiffness of the bearing.
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E¢FECT OF ROTATIONAL SPEED ON THE RADIAL STHENESS
OF A HYDROSTATIC JOERNAL BEARING
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REQUIREMENTS OF A HYDROSTATIC THRUST BEARING

Whatever the type of bearing used, the stiffness of the
hearings must be properly matched to that of the spindle
if full advantage is to be taken of both. Before the
optimum design can be produced. it is necessary Lo have
full knowledge of the siitfness of bearings and spindles.
Here again. the use of a computer to calculate the
nevessary relationships (which can then be presented in
graphical form) makes it possible to present the designer
with all the information necessary to enable him to
produce the optimum design. Occasionally, however, i
may not be possible to achieve the optimum design in
practice because of lack of space or other practical
considerations. but it the designer knows just how much
he is sacrificing by not having optimum conditions, he is
in a better position to make the necessary decision.

IV, Drivee

A. Spindle drives

For a given input power, high spindle spe2ds mean
low torques and therefore small forces, whereas low
spindle speeds imvolve large forces and high torques. At
low speeds, therefore. the power that can be utilized by a
machine-toul spindle is limited by the stiffness of the size
of the driving motor. The ideal power speed characteristic
for a machine-tool drive is. therefore, of the form shown
in figure 12, i.e. a constant torque at low speeds and a
constant horsepower at high speeds.

For small variations of speed about a given speed.
however, it is not always clear whether a constant-torque
or a constant-power characteristic is to be preferred.
Direct drive by a variable-speed hydraulic or elecine
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motor usually gives the first type of characteristic. while
the conventional gear drive is of the second type. *Vith
the first type of drive. if the resistance experienced oy the
tool-point varies. e.g.. with interrupted cuts or because of
variations in workpiece properties. the cutting speed will
decrease s0 as to keep the cutting force constant. whereas
with the second type of drive. the speed will tend to
remain constant and the cutung force will increase
correspondingly. Under these conditions, the effects of
the characteristics of the spindle drive on surface finish
and tool wear do not seem to have been investigated. The
constant-torque drive would seem 1o be less hard on the
cutting tool, although most designers and users of
machine tools think that they need 2 constant-horsepower
drive.

Although there is ample evidence (see figure 13) that
most users of machine tools do not make full use of the
spindle speeds available, the economic advantages of
being able to choose the correct speed for each apph-
cation can be considerable. Continuously variable-speed
drives tend to be more expensive than gear drives, but
when allowance is made for all the savings associated
with the omission of a gear-box and for the added
convenience afforded both the designer and the user, the
extra cost may not be very great. For some operations,
e.g.. fucing operations on a lathe, the extra cost can
certainly be justified.

At the current time. most machine-tool spindles are
driven. vig systems of gears or belts. from a constant
speed alternating-current electric motor. It is usual for
the spindle speeds available to cover a wide range—100:1
is nol uncommon  in very small steps. in order that the
correct cutting speed may be available for any tool and
workpiece combination. Thus, spindle drives may involve
several gear trainy 'nd sometimes a belt drive also. Both
the 1otal comphiance and the total inertia of the drive can,
therefore. be high and its torsional natural frequency
low. so that torsional vibrations of relatively large
amplitude can casily be set up if the cutter-tooth frequency
happens to correspond to a harmonic of the resonant
frequency. Torsional vibration in a spindle drive will
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cause the cutting speed to vary cyclically, but it may or
may not affect the surface finish of the workpiece. It is
possible. however, for coupling to ocenr between tor-
sional vibrations of the drive and vibrations of the
machine tool structure. In those circumstances. torsional
vibrations can contribute to  machine-tool chatter.
Knowledge of the torsional characteristics of spindle
drives, gear and belt i therefore important to permit the
design of drives with the desired characteristics.

These are only a few of the problems concerning the
choice of spindle drives and spindle speeds. The full
answer requires the development and use of adaptive-
control systems which will optimize cutting conditions
continuously. The criterion for optimization may be
productivity, surface finish or minimum cost. Exper:-
mental adaptive-controt systems with provision for the
continuous measurement of cutting force, tool tempera-
ture. tool wear etc., and with a computer which con-
tinuously optimizes feeds and speeds. have already been
built. Adaptive-control systems of this kind are currently
uneconomic for general use, but the time may soon
come when they control the operation not only of
individual machine tools, but also of complete manufac-

turing units.

b AR st

In the meantime, however, there is considerable
wnterest in - continuously  variable-speed  drives  for
machine tools. Hydraulic motors and direct-current
clectric motors are often used, and the growing use of
stlicon-controlled rectifiers for speed control of electric
motors should increase the use of continuously variable-
s1<€ed drives for machine tools. In particular, frequency-

.........
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changing circuits using siicon-controlled rectifiers should
make possible the use of induction motors for a wide
range of speeds.

Power-dividing transmissions, in which  differential
geans are used to extend the range of a4 smalt-rato
variable-speed umit (see figure 14) are of nterest for
mitchine-tool spindle drives because. depending upon the
actual arrangements adopted. almost any desired power
speed characteristics can be obtained. In the particutar
version shown in the figure. the vanable-speed unit
vperates in the usual way in the low-speed range. but at
higher speeds only part of the mput power flows through
the variable-speed unit. the remainder being trimsmitied
by the high-eficiency differential gear. The transition
from one stage 10 the other s effected by means of 3
two-way clutch operated when there s no speed ditfer-
ence between the ontput shafts of the two stages.

A. Feed drives

The major problem with feed diives s not their power-
handling capacity, but the natural frequency of the table
drive system. This presents hnle dithculty on manually
operated machine tool, but it can be a source of trouble
on numerically controlled machine 100ls where the speed
with which a slide or table can be positioned or made 10
follow a given path » limued by the band widih of the
servo-system. Il the natural frequency of the table drne
system hes within the band-width of the servo-system,
crrorscan arive as a result of the phase changes asoviated
with resonance and in extreme cases, the systlem can
become unstable. If, therefore, numencally controlled
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COMBINED SERIES: SHUNT DRIVE

machine tools are o be capable of following or of
being positioned at high speed. the natural frequency of
the table drive system must be made as high as possible.

In the case of ram drives, the natural frequency is
essentially that of the mass of the table and workpiece,
together with the spring formed by the column of oil in
the ram. Clearly, when the product of the mass and the
length of the ram is large, a high natural frequency can
be obtained only with a ram of large diameter. The
larger tl¢ diameter of the ram. however. the greater the
required flow of oil into the ram for a given rate of linear
movement iand. thus, the larger the valve required o
control the oil flow. As the diameter of the ram is
increased. therefore, a point is reached at which the speed
of response of the system is determined by the response
time of the valve.

Attempts to overcome this difficulty have included the
development of a drive in which a short-stroke ram for
rapid, short displacements is combined with a rack-and-
pinion drive for larger, slower movements —i.e. a system
of two short-stroke rams acting in a step-by-step fashion
a system of short rams acting on a series of inclined
planes; and the efffux drive (see tigure 15) in which il
supplied under pressure o onc of two pairs of pockets
produces a force on the slide.

In the case of lead screw drives, the lead screw itself

forms the spring and. by increasing the diameter of the
lead screw sufficiently, the natural frequency of the table
on the lead screw can be made as high as is desired.
Although practicable. lead screw drives can be made for
greater values of the mass stroke product than is possible
with ram drives. There comes a point, however, as the
diameter of the lead screw is increased. at which the
effective inertia of the lead screw itself cxceeds that of the
table and workpiece so that the response time tends to be
limited by the inertia of the lead screw.

It might be mentioned in passing that it is not only
structural resonances within the control loop (such as
that of the table and its :!rive) that restrict the band-
width of the servo. Resonances outside the loop, for
example. that of a counterbalance weight or, more
significantly, of the machine tool and its foundation
block on the “springy” soil (which may occur at a
frequency as low as 10 s), must also be considered. The
difficulty of raising these resonant frequencies has already
been mentioned and alternative methods of permitting
greater servo band-width have to be considered. The
inclusion of compensating elements and subsidiary
control loops allows some increase of band-width without
instability in the presence of structural resonances (see
figure 16), but more elaboraie types of control system are
probably required to eliminate this problem entirely.
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FREQUENCY RESPONSE OF CONTROL LOOP INCLUDING
POORLY DAMPED STRUCTURAL RESONANCE AT 10c/s

A high natural frequency is not, of course, the only
requirement of a feed drive; stiffness, absence of back-
lash and low friction are important also. For lead screw
drives, the recirculating ball nut has proved a useful way
of meeting these requirements, which are particularly
important on numerically controlled machine tools.
However, backlash can be eliminated only by increasing
the pre-load and thereby. at the same time, increasing
frictional resistance. The answer would seem 1o lie in the
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application of hydrostatic Tubrication to fead serew nint
A film of ot under pressure between the nuting surliaces
of jead serew and nut virtaally chininates fiction and,
properly designed. s st and exhibits o backlash
Design data are avanlable, but the problem of mannta-
turing the nut 1o the tolerances required ol presents
diticulues.

V. ERGONOMIOS

Eyven numerically controfled machine 1ools have 1o he
set np asmually. although, of course, the extent to which
the operator participates i the operation of the machine
iy very much greater in the case ot manuably operated
machine tools. Aspects of the design of machine tools to
which the science of  man-machine relationships
ergonomics —can contribute include  the  posinomng,
shape and charactenstios of control levers amd knobs.
the design of control pancls, the design of scales and
scale readers and the layout of legend plates and the
design of symbols (see tigure 17). Figure 18 shows the
difference, in terms of the speed of operation and the
case of learning, between a comventional legend plate amd
a plate designed for the same purpose but hased on
ergonomic principles.

¢ VL THE UTILIZATION OF MACHINE LOOLS

Although rescarch to provide designers with the data
they need for the layout of machine tools and for the
design of structures. mechanisms and control systems s
undoubtedly important, the design of a machime ool
really begins one stage larther back. 1t is first necessary
to know what function the . wchine tool s required to
perform. For special-purpose machme tools, such as
those incorporated in transfer lines, the question s
relatively easy to answer (although even with this kind
of machine tool it is not always clear just what feeds and
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Figure 17
PRINCIPLES UNDERLYING THE DESIGN OF SYMBOLS FOR MACHINE TOOLS
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speeds will be required). But generai purpose machine
tools are used for such a wide variety of work that they
have to be designed so that all the facilities that users
may require can be incorporated. There is. however,
growing body of evidence that general-purpose machine
tools are ill-matched to the purposes for which they are
used. ligure 19, for example. compares the facilities
available on 2 lirge number of machine tools in a
number of workshops with those actually used. 1t is
probable from these and many similar results that if
machine tools conld be properly matched to the real
requirements of users, the equivalent capital value of the
plant required for machining (taking account of the
reduction 1n complexity and size of the machine tools, of
the reduced workshop area and of the reduced costs of
heating cte.) could be reduced by ubout 30 per cent. In
the United Kingdom alone, the sum involved would be
more than £250.000. In practice, of course, not all of this
saving could be realized. but even a § per cent saving
would be well worth while.

This problem, like so many others, requires full co-
operation between users and makers of machine tools.
Users should anatyse their requirements carefully, on the
basis of studies of the actual components to be manufac-
tured. and should not over-specify their requirements.
It might then be possible for machine-tool  makers,
knowing that all the facilities ordered would actually be
required, to produce 4 small range of standard machines

which would mect most requirements, so that the current
need for extra equipment on nearly all machines could be
greatly reduced. The probler requires research into the
pattern of shapes and sizes of componenits and study of
the way in which they should be manufactured. i.e. into
the optimum machining conditions. Such studies could
also lead to even greater standardization through the
introduction of machining on the family-group system,
whereby ditTerent components of essentially similar
shapes are machined together. The fact that components
can thus be machined in larger batches greatly facilitates
their manufacture.

Studies of the way in which machine tools are actually
used can also point to other ways of increasing their
effectivenggs. For example. figure 20 suggests that the
provision of better measuring and handling facilities
could greatly increase the utilization of centre lathes.

Any work on the economics of metalworking processes
must obviously include studies of the use of numerical
control and similar automatic systems. Although the
greatly increased capital cost of numerically controlled
machine tools can be justified when they are properly
used, the techniques currently available for deciding
when the capital expenditure would be justified are often
inadequate. Research tor the machine-tool industry must,
therefore, include studies of the economics of manufac-
ture and must include co-operation with management
and accountants.
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VI, AUTOMATIC CONTROL

In order to increase productivity faster thun the rate at
which the amount of skilled labour available will increase
and in order 10 make the best use of skitled labour of all
kinds. there must be greatly increased use in future of
dutomatic controls of all kinds. Although, in the context
ol machine tools, automatic control 1s ‘oming ncreas-
ingly to mean numcncal control, it must be realized that
numerical control, as it 1s currently understood, 1s neither
the beginning nor the end of automatic control of
machine tools. Mechanically operated avtomatic mach-
ine tools and auxihary equipment have been used for
many ycars. and such recent developments as static
switching. electric, hydraulic and pneumatic logic umts
cte. have greatly increased their flexability. The current
'rend is exemplified by the programme-sequence con-
trolled lathes of the capstan and automatic type.
although essentially similar, but simpler, systems are in
use on transfer lines, conveyor systems and on other
machine tools. Information about the operations to he
carried out and the sequence in which they are to be
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performed s fed to the coatrol system by panched paper
tape or punch cards. or by setting up clectncal con-
nexions by switches or pliugs. Switcles on the machime
signal the completion of cach operation, and the resulting
clectrical signals from the imput system and the machine
are interpreted by the logic umts which control the
operation of the machine. Control systems of this hind
were onginally bawd on clectromagnene anits. bt
continuing research has fed to the emergence of systems
based on cold-cathode tubes, sohd-state semi-condnctor
devices and. morc recently, flind-logic clements of
hydriulic or pncumatic nature.

Programme-sequence  conirol  systems  ditfer from
numerical-control systems in that they sclect only discrete
functions  particular feeds, speeds or toobs: they do not
control the dimensions of the workpiece, which are
determined in the usual way by tived siops on the
machine. With numenical-control systems, however, the
dimensions of the workpiece are determined by numencal
information fed to the machine towether with the
required process information. the posiaon of the moving
parts of the machine tool being measured continnously
by suitable transducers.  Rescarch  for nnmencally
controlied machine tools cun be considered nnder three
headings.

A. Control system

In addition to the development and improvement of
transducers  optical gratings, inductosyns and resolvers,
digitizers etc., there 15 scope for the development of
control systems with improved characteristics in respect
of ease of programming. The problem of improving
following specds and response tmes has already been
mentioned.
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B. Mechanical design

The absence ol a human operator 10 make correcting
adjustments imposes special design  requirements on
numerically controlled machine tools. Most of these
high stiffness. low friction ¢te.  have already been
mentioned and it s worth noting that many of the design
features that huve been developed to meet those special
needs  (hydrostatic  slideways,  recirculating-ball  lead
screws ¢te.) have also been incorporated in conventional
machine 1ools. In general, too, there is a higher degree of
reproducibility of numerically controlled machine tools
and this also involves greater care in design. Satisfactory
results can be assured currently only by more or less
individual fitting of the control system to the machine
tool. 1t should, however, ultimately become possible to
make both machine tools and control systems to specifi-
cations which will ensure their mutual compatibility.
Accuracy, inertiis. natural frequencies and frictional
~haracteristics of the machine-tool structure could be
wpecitied and controlled to agrecd limits. At the same
time. the accuracy of measuring transducers, the gain
and phase characteristios of the control loop and other
teatures of the control system could also be specified. h
should then be possible to ensure that any control system
meeting the specitication would function satisfactonly on
any machine tool which also met the appropriate
«pecification. Much research is needed, however, before
this desirable end can be achicved.

The possibility ol using an automatic-control system
to correct errors in straighiness or alignment has already
been mentioned. In a rather similar way, the use of in-
process measuring systems Tor actual measurement and
eontrol o workpiece dimensions during machining s
1 ow being developed. At the current time, deflections ol
the machine tool or workpiece during machining are
outside the feedback control Toop and cannot, therefore,
e corrected. Good mechanical design of the machine
teol and care in setting up the workpiece can minimize,
bt cannot climinate, these errors. Particularly when
liigh standards of accuracy are required. therefore, there
i~ a need for in-process measurement of actuial work piece
CINRNNONS.

C. Part progranuming
The problems of part programming the preparation
of instructions Yor numerically controlled machine tools
are too complkex 1o discuss at length heve, but the
Gicthity with which machining instructions can be pro-
srammed will influence very considerably the extent 10
which numerically controlled machine tools are used.
in some parts of the world at least, numerical control
is now well-established. and although its future develop-
st requires resarch into programming languages and
iwewhmygues and also into the way in which numercally
coutrolled machine tools should be used, the improve-
qent of the machine tools themselves probably depends
more upon machine development than upon research.
Likely directions for the future development of numeric-
1y controlled machine 100ls include:

) The development of multiple-axis machines and
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suitable programming languages and techniques to
facilitate their use for die-sinking and similar operations;

(h) The development of photogrammetry as a means of
supplying to the machine tool the informaticn about a
prototype component;

(¢} Extension of programme-sequence  controlled
machire tools to full numerical control, the develop-
ment of simplified systems for straight-line machining
and the development of systems to permit one numerical-
control system to operate a number of machine tools;

(d) Combination of numerical control with electro-
erosion or electro-chemical machining for dealing with
difficuli-to-machine alloys.

There are. however. other types of automatic-control
systems deminding the attention of the scientists and
engineers in machine-tool research. At the current time,
cutting conditions. such as feeds and speeds on numeric-
ally controlled machine tools, have to be determined in
advance. They must, therefore, be chosen conservatively
and unless the programme is intended for one machine
tool only, they must take account of any variations
which may exist between machine tools. With a manually
operated machine tool, on the other hand. the operator
can, if necessary, make continual adjustments to ensure
accuracy. surface finish or maximum productivity, There
is. however, no reason why the machine tool itself shou'd
not perform the same function and. by occasional or
continuous monitoring of its performance. keep itself
adjusted in the optimum manner. This is adaptive
control which, in its most complete form, involves the
continual making of small variations in one or more of
the quantities to be controlled. noting the result on the
chosen criterion- surface finish, productivity etc. - ond
continually optimizing the values of the controlled
quantities (sec figure 21). Systems of this kind could be
applied to individual machine tools in order 1o mimmize
costs o to maintain accuracy or surface finish: they
could also be applied to control an entire workshop or
manufacturing process. Adaptive control can be con-
sidered quite independently of numerical control but the
fact that, with a numerically controlled machine tool, the
exact state of the machining operation is known at any in-
stant greatly lacilitates the application of adaptive control.

Simpler forms of adaptive-control systems are also
possible and have already been applied to some machine
tools. One of the simplest merely involves measuring the
machined dimension and then making. automeotically, a
second operation to correct any error that may be
detected. Such a system could, until systems of in-process
measurement have been fully developed. be applied with
advantage 1o the machining of workpieces which deflect
appreciably under the cutting forces imposed on them.
Adaptive-control systems could also be used to ensure
that the feeds and speeds used for machining are correctly
chosen to optimize productvity or surface finish. As with
in-process measurement, however, the successful apph-
cation of adaptive control requires the development of
measuring techniques for the continuous measurement of
workpiece dimensions, surface finish, cutting forces, tool
wear etc.
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ADAPTIVE CONTROL SYSTEM

The use of computers and other numerical aids to
engincering design, although not a problem peculiar to
the machine-tcol industry, is. nevertheless, closely
associated with the use of numerically zontrolled
machine tools. Examples have already been given of ways
in which computers have been and can be used by or for
the machine tool designer., but there remain many
directions in which further research into their application
is required. Numerically controlled drawing machines
and computer-aided design systems of the **sketch-pad™
type (in which the designer is in full and continuous
communication with a computer vig an electronic sketch-
pad) represent the two extremes and. there are many
intermediate possibilities.

VIL MANUFACTURING PROCESSES

Although a distinction can always be drawn between
the machine tool and the tool which actually changes the
shape of the workpiece. it will be clear that the design of
a machine tool must be considerably influenced by the
characteristics of the cutting tools with which it will be
used. The study of metalworking processes of all kinds
must, therefore, be considered when discussing research
for the machine tool.

There is a long history of research into the mechanism
of metal-cutting and the subject was being studied long
before research, as distinct from development, was begun
on machine tools. In the course of this work, much has
been learned about the mechanism of chip formation and
tool wear although practical machining has benefited
very little from it, the considerable advances in metal
cutting that have been made during the last years
increased speeds, improved cutting-tool materials and
Jdesign, better cutting fluids etc.- -having been made on
nainly empirical basis. Although work on cutting forces,
ool temperatures, frictional phenomena and deformation
rocesses in the cutting zone still continues in many
‘entres, it now seems unlikely that work on the curi=nt

lines will contribute significantly to the development of
metalworking processes, and a new wnd more fruitiul
approach is urgently needed.

Measurements of cutting forces under steady con-
ditions have provided i picture of the effects of tool
geometry. cutting speed cte. on the forces required in
various machining processes. and this provides o basis
for the mechanical speatication of & machine tool. The
dynamic characteristics of the cutting process, as affected
by cutting speed, depth of cut, tool geometry ete. ure just
as importunt as the dynamic characteristics of the
machine-tool structure in determining the performance of
the machine tool. Relatively little detailed mformation s
available, however, about cutting torces under the more
usual non-steady conditions, 1.e. when the chip thickness
is varying continuously cither becanse of the geometry of
the workpiece itself or because the machine toot s
vibriting.

But even it busic research i metal cutting seems
unlikely to produce useful results, there v considerable
scope Tor making better use of the large amount of
empirical data that now exist on cutting torces and
conditions. Not only ure the optimum feeds, speeds amd
depths of cut for ditfferent machining operations and
materials rurely used because of Lick of ifornation or
lack of attention to the economics of machining, but
considerable experimenting with tool geometry s often
required. cven when machining conventional matenals,
before acceptable conditions can be obtained. And with
the increasing use of harder and tougher alloys the prob-
lem is continually increasing.

The pioneer work of Taylor on wear of cutting tools
led to the development of i relationship between speed
and toof wear which. although still not fully understood,
has proved very usetul and could, with advantage, be
more widely used for determining optimum nachining
conditions feeds. speeds cte. More recently, work on
the physical and chemical reactions in the high-tempera-
ture region near the tool-point and on the ceffect of




540

inclusions in the workpiece matenals, has suggested the
possibility of consideruble improvements n tool life.

Perhaps not surprisingly. still Tess iv known about the
mechanism of the grinding process although recent work
has made significant contributions. As with metal-cutting.
however,  grinding  Processes timcluding  lapping and
honing) have been developed emparically and recent
developments  high-speed grinding and the  use ol
grinding for stock removal (abrasive machiming)  have
been made in the same way.

Of metal-Torming  processes, forging perhaps the
oldest, but 1t has recently been shown that greatly
improved results can often be obtained by forang the
metal to deform rapidly . Under these condiions, plastic
deformation takes place simultancously in most regions
of the workpiece and cracks are less likely to develop
than when the deformaion takes place slowly. High-
energy forging is. therefore. a possible method of making
components that could not be successfully forged 1 the
normal way. EXtrusion processes (forward, backward or
combined) have long been used for shaping light-alloy
parts, but. recently. cxtensive rescarch has permitted the
provess to be ised to produce steel components also.

The advantages of forming as opposed to machining
are: () less wastage of material as swarf, chips ete.; (h)
reduced  production  time: and () better  mechanical
propertics as a result of the way the material has flowed
during forming (sce figure 22).

Of course. not all components can be produced by
forming, but if the problems of die life could be solved
and more was known of the economics of the processes.
it seems likely that many components now produced by
machining could be made by a forming process. An even
more recent development is the use of investment casting
for producing components in steels and other metals,
Cast components usually require even less finish-mach-
ining then do formed components: and. ol course. both
processes produce compoencats with much less wastage
of material than is involved in machining. As yet, how-
ever. neither process is used on a really large scale and
there are many technical problems to be solved before
this is possible. But even more important, perhaps, is the
need for studies of the economics of these and other
manufacturing processes to establish the condiiions in
which ek should be used.

There is an increasing trend towards the wider use of
materials which are tougher and harder than the con-
ventional mild steels and non-ferrous alloys. and which
retain their hardness and toughness at high temperatures.
All conventional metal-cutting, grinding,  forming.
forging etc. processes rely essentially on plastic defor-
mation of the workpiece material caused by pressure
against a harder tool. The harder the workpiece material,
the more difficult it becomes to find tools that will behave
satisfactorily. These new maternals are, therefore, difficult
to machine by conventional methods and it is not possible
{0 cut them at the rates which were possible with the
materials that they have replaced (see figure 23). The
search has begun tor new methods of machining and
particularly for methods that are independent of the

hardness or toughness of the workpiece material.

A. k. De Barr

Figure 22

GIRAIN STRUCHURE 1N COMPONENTS PRODECED BY TURNING
AND BY FORMING

The traditional way of machining hard materials is, of
course. to use an abrasive process since the form of the
tool used in such processes permits much greater wear
rates to be tolerated without loss of accuracy. Special
abrasive methods have also been developed for making
fine cuts in very hard and brittle materials, particularly
glass and semi-conductors. These include:

(@) Abrasive jet machining in which a fine high-
velocity jet of air carries fine abrasive particles which, on
impinging on the workpiece, cause material to be
removed ;

(b) Ultrasonic machining in which a shaped tool i»
vibrated rapidly against the surface of the workpiece, a
slurry of fine abrasive particles flowing between the tool
and the workpiece. The impact of the tool causes small
particles to be chipped off the workpiece.

Even abrasive machining, however, is much slower
with harder materials and the high rate of tool wear
limits its application. The newer methods of machining
that are now being developed avoid this difficulty by
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relying on quite different processes for shaping the work-
picce. Two main processes are imvolved  chenucal pro-
cesses, in which the materil of the workpiece is removed
atom by atom by chenucat action; and thermal processes.
in which the material of the workpiece s melted and
vaporized. A summary of the characteristics of the
principal methods available s given in the table on page
541.

A, Thermal methods

Thermal processes depend essentially upon achieving
a high concentration of energy on a small area of the
workpiece S0 that the temperature of a small solume of
the material is raised suthiciently high for that small
volume 1o be melted and vaporized while leaving the
remainder of the workpiece relatively unatfected. Power
densities in the range 10* 10" watt em “ can be achieved.
(A power density of 10" watt cm * is equivalent to
putting the output ol several large power-stations
through an arca of | square centimetre,) Even though
these power densities are achieved for only a small
fraction of a sceond, the local temperature of the work-
piece is thereby rinsed 10 1020000 K. The main forms
in which thermul methods of machining are practised are:

1. Plasma rorch

The use of an oxygen-hydrocarbon flame for metal
cutting is not new, but the development of plasma
torches, in which the temperature of the flume is increased
by electrical eneray, has greatly extended the applicability
of the technique. Materials which could not be cut
cconomically with comventional flames can now be cut
and, furthermore, the increased power densities obtain-
able with plasma torches permit rough turning and
gouging operitions te be carried out also, The accuracy
currently obtainable is not high, bat it can be expected
to increase.

2. Electro-erosion

Electro-erosion is currently the most widely used of
the new methods of machining, The energy necessary to
raise the local temperature of the workpicce is supphed
clectrically by pussing clectric sparks or ares through a
diclectric fluid between a shaped tool and the workpicee.
Material is removed irom both anode and cathode but.
for reasons which are not yet tully understood. it is
possible to arrange tor most of the matenal to be removed
from one or othei, and thus to arrange for a cavity com-
plementiary to the shape of the tool to be formed in the
workpicce (see tigare 24). Although cach pulse of current
may produce only one spark und. therefore, remove
metal from one small region to the workpiece only, suc-
ceeding sparks will pass at other parts of the workpiece.
A typical palse rate is 400 200,000 ¢s, so that over a
period of a few minutes, metal s removed more or less
uniformly from all parts of the workpiece close to the
tool. As machining proceeds the tool is fed towards the
workpicee. the distarce of closest approach being mnain-
tained at about 0.0t mm. so that eventually material is
being removed over the whole arca of the workpiece
exposed to the tool.
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Figure 24
CAVIHY FORMATION BY FELECTROCHEMUCAL AND FLECTRO-
EROSION MACHINING

Problems requiring solution are:

{a) A full understanding of the mechanisms of electro-
erosion;

{#) Choice of tool material for minimum wear,

{¢) Choice of circuit conditions - amplitude, shape and
frequency of current pulses - for optimum metal-removal
riate and tool wear:

(d) Reduction of damage to the workpiece surface and
improvement of surface finish;

{e) Development of scanning systems. perhaps with
numerical control, for gencrating  three-dimensional
cavities with a small ¢lectrode.

1. Electron beams

The energy of a beam of high-velocity electrons is
converted into heat when they impinge on a solid target
and, since the beam can be focused on 1o a very small
«not (diameter less than S, very high power densities can
be obtained. The position of the beam can be controlled
clectrically by means of deflecting coils so that fine intri-
cate shapes can be nachined automatically by suitably
deflecting the beam,

The advantages of clectron-beam machiming are that
fine intricite cuts can even be made in materials like
evaporated metal films which are less than 250 A thick.
The disadvantages are that the workpiece must, at the
current time, be enclosed within the vacuum of the
electron-beam tube and the fact that the relatively high
capital cost and the limited power available make the
method unsuitible for bulk removal of metal.

An ¢lectron-beam machine for machining purposes
may have a total beam power of only a few hundred
watts, but much larger machines, with powers up to 104
watts, are used for welding. Very clean, reliable narrow
welds cun be made in material up to 10 ¢m thick, includ-
ing materials which are difficult to weld in the normal
way. Although it 15 usually necessary to enclose the
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workpiece within a vacuum chamber, even this s un-
necessary on the latest machines,

4. Lasers

The characteristics of the light emitted by lasers are
such that it can be focused on o a spot of very small
diameter und, as high-energy pulses of short duration can
be produced, very high power demsities can be obtained
on small wreas tor short periods of time. As with an elec-
tron beam. machining to the desired shape i achieved
by moving the focused beam in rekation to the workpicce.

Current apphications of lasers for machining are rather
similar to those of electron beams, the main differences
being that with a luser the workpiece does not need 1o
be in a vacuum chamber and that the position of the
electron beam can be controlled clectrically. Progress
in the development of lasers 15, however, so rapid that
it is difficult even to speculate on the future of laser
machining techniques. Until very recently. the necessary
high-output energies could be obtained only by the use
of “gant-pulse™ technigues with solid-state lasers. the
mean output power being limited mainly by the low
efficiency ol the laser. The recent development of high-
output gas lasers of high efficiency have materially
changed the picture, but as yet little information is avail-
able on the machining capabilities of this type of laser.

B. Chemical methods

Chemical methods of metal removal have been prac-
tised for a long time, e.g.. pickhng of metal sheets. but
chemical etching (sometimes called chemical milling) has
recently been developed as a selective metal-removal
process for reducing weight or for producing complex
shapes in thin materials. Regions where chemical attack
is not desired are protected by a suitable coating. which
may b2 applied only wherc it 1s required. or applied over-
all and then selectively removed by manual or photo-
exposure techniques to expose the appropriate regions of
the sheet.

Electrolytic action as a means of removing metal was
first proposed more than thirty years ago and was de-
veloped at about that time Tor removing asperities and
thus producing a flat polished surface  electropolishing.
It has since been applied to assist the removal of metal
in grinding and honing, and also for bulk metal-removal.

hie rate at which metal is removed by electrolytic pro-
cesses is independent of the hardness or other physical
properties of the workpiece and depends only, according
to Faraday’s laws, upon its chemical compaosition and
the quantity of electricity passed. For the most usual
workpicce materials, the rate at which metal is removed
is sbout | mm? per minute per ampere of current flowing.

In electrolytic honing, the normal mechanical honing
action (which, by virtue of the rotating and reciprocating
motions involved, is intermitient on any portion of the
workpiece) is augmented by electrolytic action on those
portions of the workpiece not in contact with the abra-
sive stones. If desired, the final cuts can be purely
mechanical to give the characteristic honed surface. In
clectrolytic grinding, however, the electrolytic action

W

takes place parallel with and at the same time s the
normal grindimg action. An clectocally condacting prind
ing-wheel s used. current being passed from the wheel
as cathode to the workpiece s anode

In both processes. electrolvie nsually a salt solition
In fed o the gap betweer anode and cathode, which s
mamntned at the desired vabie either by controb ot the
surface of the gnnding wheel (the amount by which
abrasive particles protride above the conducting nutr,
or. 0 the case of graphite-bonded wheels, the stricture
and composition of the wheel). or. i honimg, by the
position of the clectrodes with respect to the sirtace of
the honmg stones. tn both clectrolvtic honmg and electro-
Iyue grinding, however. most of the metal s remoned
electrolyucully, thus giving increased prodoctuon rates
and less wear of the abrasive, while the geometry of the
finished surtace is controlled essentiatly by the mechamical
dimensions and characteristics of the abrasive stones or
wheels. Electrolytic action can alo be nsed to angment
ultrasonic machining in a sinilar way,

In electrochemical machining proper. however, all the
metal is removed electrolyuically. Current passed through
an clectrolyte between i shaped ool and a workprece
will concentrate m the region of closest approach (see
figure 24) so that, in time, the surface of the workpiece
will become approximately complementary to that of
the tool. The distance of closest approach is kept approw-
mately constant. either by actual control of the gap or
by keeping constant the potential apphied across 1. In
these latter circumstances, the gap tends 1o a constant
value. any deviation leading to an increase or decrease n
current. which quickly restores the gap to the eqmilibrium
value fsee figure 25 If condiions (clectrohvie. tool
material) are properly chosen. there necd be no wear
of the tool.

Some of the possible wiys of applying clectrochenmicat
machining are shown in figure 26, Most of the current
apphications are for shaping or deep-hole drnllimg opera
tions on gas-turbine blades. The process is. frowever, also
being used for a wide vanety of misceltancous apphca-
tions, again mostly with high-temperature alloys,.ond there
would seem to be some soope for a ninmenically controfled
clectrochemical cavity-suiking machine for machming
complex shapes in tough materials

To summarnize, the new methods of machanng that
svem Lo offer most promise tor the fature are clectro-
chemical machiing and the use of laswers. As tar as
lasers are concerned. it i too carly to say much abont the
rescarch that s needed tor thair appheation since there
15 still so much 1o be done to develop tasers which have
the required output powers and which are both cheaper
and more ctlicient than those currently available. But ot
is possible to discuss briefly the research problems asso-
ciated with electrochemical machining:

(a) Electrochemistry.  Little s known of the nature of
electrolytic phenomena when the current densities are
as large as those normally used in electrochemical
machining (200 300 amp ¢m  ¢). More knowledge of the
mechanisms involved wonld help i the solution of all
the following problems;
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APPLICATIONS OF FEEC TROCHEMIC AT MACHINING
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{b) Tool design. Even under ideal conditions, the
workpiece shape is not exactly complementary to that of
the tool. To produce a given workpiece shape. the
required tool shape is that equipotential which, at the
appropriate distance from the workpiece, produces a
current density which is uniform over the surface of the
workpiece. The problems of determining the desired
equipotential line. which is probably the mast important
outstanding problem of electrochemical machining. can
be tackled by analogue methods. digitial computation or
by trial-and-error methods:

(¢) Gap control. Closely associated with the problem
of 100l design is that of control of the size of the gap
between tool and workpiece, both having a direct in-
fluence on the accuracy of machining. Although control
of the potential across the gap will always maintain an
equilibrium gap. this remains constant only it the con-
ductivity of the electrolyte does not vary. In practwce,
changes in the temperature and composition of the elec-
trolyte cause its conductivity to vary, and alternative
approaches to the problem of gap control are now being
considered. These include direct control and also indirect
control by measurement of electrolyte conductivity ;

(d) Elecrrolvte flow. In order that 1t shall continue
to be possible to pass large currents through the electro-
lyte in the narrow (0.05 | mm) gap between tool and
workpiece. the electrolyte in this region must be con-
tinually replenished. In pructice. this usually means that
electrolyte must be made to flow rapidly between the
clectrodes. and the need for this rupid flow of electrolyte
brings several problems:

(i) Largc pressures are required to foree the electro-
lyte through the gap and these produce large
forces tending to separate the electrodes. A pres-
sure of 60 N cm * acting on an area of, say. 100
em?® produces a separating force of 6,000 N, and
il the machine structure is not sufl, the resultant
deflecuons will, as with conventional machine
tools, influence the accuracy of machining by
causing the gap between the electrodes to vary:

(1) Tools must be designed in such a way that the
clectrolyte can be pumped through the gap. but
also so that the holes necessary for this purpose
produce the minimum of interference with the
required surface:

(i) The Joule heating associated with the passage of
electric current through an electrolyte causes the
temperature of the electrolyte to rise. The tem-
perature of the electrolyte will increase from inlet
to outlet (xee tigure 27). and the resultant variation
in conductivity complicates the problem of tool
design:

(iv) Turbulent flow of the clectrolyte is necessary if
larac currents are to be passed. but persistent
eddies tend to cause machining marks on the sur-
face of the workpieee:

(¢} Electrolyie. Although, in principle, any ionic
solution will serve as the clectrolyte for electrochemical
machining. in practice, the fotlowing considerations are
involved:

() cont
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(i) Conductivity: most of the electrical power re-
quired for electrochemical machining is dissipated
as heat in the electrolyte;

(iit) Corrosion : the electrolyte should not corrode the
workpiece or material of the machine:

{iv) Surface finish: although the reasons are not fully
understood, the surface finish obtained by electro-
chemical machining varies greatly with the clectro-
lyte used;

(v) Filtration: both the form in which the material
removed from the workpiece exists in the electro-
lyte and the effect that it has on its properties are
important.

VI1L. THE ORGANIZATION Of MACHINE-TOOL RESEARCH

It may be useful to conclude this review of some of the
research problems of the machine-tool industry with a
short discussion of the way in which research is organized.

The border line between research and development is
never clearly defined and is probably even more indis-
tinct than usual when machine-tool research 18 involved.
The improvements that took place in machine tools
between 1850 and 1950, say, obviously involved consider-
able effort, but since, with a few notable exceptions, little
of this led to any systematic collection of information of
general applicability, it can perhaps be best regarded as
development rather than rescarch. This distinction be-
tween research and development is a useful one to bear
in mind even if it is not universally applicable.

This paper has not been concerned with development
work, important though that may be, but with the wider
and more general problems of research which, if the
information gained i1s to be really useful, must be
tackled at a fundamental level. Only the very largest
individual manufacturers of machine tools <an afford the
necessary effort to basic research, which must. therefore,
usually be carried out in co-operative, educational or
state laboratories.

Prior to 1950, the amount of real research of interest
to the machine-tool designer was very small. In the
United States of America valuable work was done on the

T

metal-cutting process. and in Germany, the foundation
for more subsequent work on machine-tool structures
was laid. Since 1950, however. interest in machine-tool
rescarch has increased rapidly and an apprecuble pro-
portion of the research effort of most industrial countnies
is now devoted to machine-tool problems.

The pattern varies from one country to another. In
the United States of America most of the research i
done privately by machine-tool ma nuficturers, often with
support from the state for specific projects. In addition,
some universities have always shown an interest m the
subject and the amoant of university reseiarch is now
increasing. In Fastern European countries and  the
Union of Soviet Socialist Republics,  machine-tool
rescarch tends 1o be concentrated into one or a small
number of large state-supported institutes whereas i the
United Kingdom and in Western Lurope, private
research by machine-tool manufacturers 1 combined
with co-operative research in research ASNOCKINONS, state
laboratories and educational establishments.

As the amount of machine-tool research INCTCiseS,
there is a danger that too large a proportion of the effort
available will be devoted 10 empirical problems and not
enough to fundamental studies. The mathematics involved
in the analysis of real situations such as are lound n
machine-tool problems can be difficult, but the rapd
spread of electronic computing techmques 1s doing much
to alleviate the difficulties.

In general. i theoretical analysis of the physical pheno-
mena involved, augmented by experiments to determine
numeric values or to check conclasions. is hikely 10 be
of far more use in the long run than attempts to draw
general conctusions from a large number of ad hoe
experiments, although the latter approach i usually much
casier. Isolated measurements of various phenomena
can, of course, be very uselul in the development of a
particular machine. Unless. however, they are made
systematically, 1.e. with proper control of all the varn-
ables and on a sufficiently wide basis for the results to
be generally applicahle, taking account of all or most of
the vanables involved, they are unlikely to be generally
useful and may, indeed, be misicading.
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This point is conveniently illustrated by reference to
work on shideway lubrication. There are innumerable
references in the literature to measurements of coef-
ficients of friction between slides and slideways. account
being 1zkon of lubricant properties, sliding speed. method
of preparation of the surfaces etc. Some of the measure-
ments were made on actual machine tools, and these
undoubtedly helped in determining and specifying oper-
ating conditions for those machines. Other measurements
were made on specially constructed rigs, but aithough a
small amount of useful information was obtained in this
way. the results have not been found to be generally
applicable and it remains impossible to predict with any
certainty just how any particular machine-tool slide will
behave under given conditions. The reason for this be-
came clear when it was realized that the frictional be-
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haviour of the slide depends upon the shape of. and
pressure in, large numbers of small wedge-shaped ol
films which form between the sliding surfaces. The shapes
and other properties of these wedges obviously depend
upon the character of the surfaces, but they depend also
upon the constraints applied to the sliding members.
For example. the frictional behaviour when the surfaces
are constrained so as always to remain exactly parallel
can b. expected to be different from that observed if a
small amount of tilting is possible.

There is no substitute for real understanding of the
physical phenomena involved and although, as this paper
has tried to illustrate, the range of problems facing those
engaged in research for the machine-tool industry is very
wide indeed, the benefits to be gained from such an
understanding can also be very great.
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