0-00005 in., the maximum total pluy being npproximately 0 0002 in, The use of three bearing surfaces
results in a statically determinate arrangement (Fig. 436).

The bearing designs shown previously are very rigid, and if the stiff-
ness of the spindle is so low that its deformations under load are greater
than the radial play in the bearing, excessive edge pressures may arise,
evenif the lubrication conditions are most favourable, This can be avoided
by the use of self-aligning bearings in which the supporting pads or bushes
can swivel on pegs or in spherical scatings and thus adjust their position to
suit the clastic line of the spindle axis. Such bearings do not, however,
exert “back bending moments™! It must be stressed once again that it is
better to design a spindle of the required bending stiffness, rather than
to compensate for too low a bending stiffness by clamping moments in
the bearing. A design for self-aligning axial thrust bearings was sug-
gested by Michell over 50 years ago. A design similar to that of Michell is used in the “Filmatic™
Bearing (Fig. 437).""% Five tilting bearing segments a are arranged around the spindle and the
whole bearing space is kept filled by slightly pressurized
oil {oil pipe b). The spindle rotation causes the oil to lift
the leading edges o, of the segments, so that these
becomeslightly tilied and hold the spindletightly with their
trailing edges a,. This results in a type of hydrody-
namic clamping cfect.

The possibility of purchasing ball or roller bearings
as ready-made units relieves the desigoer of the rather
specialized task of designing them, a job which requires
considerable skill and special experience. As these bear-
ings are designed and produced by specializing manu-
facturers, this has the advantage of high quality in
design and perfcrmance being obtainable at a relatively
low price. A similar development is now taking place
in the ficld of plain bearings. Amongst the various
available types, an expansion bearing (Fig. 438)''% is
interesting, in which a specially shaped bearing bush a is
supported by a housing b, which in turn is held in
position at its cnds b, and b, by the headstock bore.

In this self-aligning design, small bearing diameter changes duc to heat expansion are also auto-

\ matically compensated. The internal shape of the bearing bush is similar to that shown in Fig. 434
Land provides wedge-shaped oil pockets which favour hydrodynamic Jubrication. » .

1
Fra, 437. “Filmatic™ grinding spindle bear-
ing (Cincinnati).

£ ' b2
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Fro. 438, Lathe spindle with ready-made plain bearings,
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4. CUTTING DRIVES

The cutting drive produces the relative movement batween the cut.ting edge and the \.Nork'px‘ocdc
material as required for the particulas culting operation and alilhc dcfsm:d sp‘ccd (.lhc cutting sp‘;-cn .
see page 1) and transmits the necessary power 23 far as possible \Yn}'\out vx'brahor}s. Th: cu 1mgr
specd depends upon the speed of the driving moter and 1hc'transm15.51.cm ratio bcfwccn the mo!
shaft and the driven clement (spindle, ram, clc.). Tae mechanism providing the required transmission
ratios can be designed so as to produce either a teepped range (gear drives, see page 109), oru?tn
infinitely variable range (see page 119). In both cases, i'hc drives .must be sc dcslgnc’d that ;hc rctslin -
ing cutting speeds satisfy the range of working conditions.required. The nct power at the cutting

// 1 7777774 \ Y,
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FiG. 439, Spindle head gearbox of a turret Jathe (Gebr. Heinemann, St, Georgen, Germany).

edge is equal to the product of the main force component P,'and the cutting s;?ccd ::. I:::isa(g;::’
power input, the forces and torques which have to be transmitted by ‘slow running ¢ ;m defgrma-
worm wheels, lead screws, etc.) may become considerable and so also will the co'rrcsp.on m}gf o
tions of these elements. Under pulsating loads, these deformations can lead to vibrations w u;. “fﬁn
affect unfavourably the quality of the machined surfaces. Fo.r lh1§ reason, l}'xc clcmcnts: oihci: cong.
drives and their bearings must be strong, stiff and free from vibrations. Itis 1mpoﬂ:c;1t in this con-
nexion for the necessary high ratios for the generation of low speeds to be arranged as € bcrsym
possible to the last members in the train of driving eicmcnts', 50 that o.nly lh;:sc fast r:cn:c o
highly loaded, whilst the more numerous other members running at relatively high spee s.a y
fore, working under much lower loads. Lo

The gcargox for the spindle head of a turret lathe (Fig. 439). is driven by a flat b;h fr:r:h!::;l;
change motor having two output speeds (1400 and 280[‘) rev/min) under Joad. Speeds :srib]e anged
by means of electromagnetic clutches X; to K and such changes arey therefore, po
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feed force component. This means that during the cutting of sections as shown in Fig. 469, th
feed rate must vary inverscly with the depth of the section which is in front of the saw blude, Fi' u .
461 (Ref. 10, part 1) shows & hydraulic feed drive which satisfies this requirement. The circuitgcom.
responds to those shown in Figs. 217 and 219 and the symbols shown for the various valves are alsr.
the same. [Note that there are two throttle valves e, one in the incoming (sce Fig. 217) and o °
in the outgoing (see Fig. 219) pipeline). ’ "
The maximum hydraulic pressure for the (ccd
drive is adjusted by means of overload valve J
which is operated by crank handle f; and the pres-
sure is read from the pressure gauge A, 1if there is
a change in the cross-section which is being cut, the
feed rate will correspondingly change, i.c. increase
for a decrease in section or vice versa, until the cut-
ting resistance (the force component in the direction
of the feed movement), reaches a value equal to the
product of the present hydraulic pressure and the

i/
{1

AR \\} \\\.\f

F1G. 460, Feed adjustment during 2 saw cut 1o suit
the material section in front of the saw blade.

FiG. 461, Schematic lay-out of the hydraulic
feed drive for a saving machine (Gustav
Wagner, Reutlingen, Germany).

pisl?n area. The possible maximum feed rate can be adjusted by means of the lower throttle valve ’
¢ with a hand-wheel ¢,. The valve f also serves for controlling automatically the pressure and
l‘hc ﬂov:r as & function of the oil temperature so that, cven with increasing temperature and thus
decreasing oil viscosity, the feed rate remains constant, For the rapid withdrawal of the saw blade

mx;ncrb the oil is returned to the tank after by-passing the lower throttle valve e via the reversing
valve B.

.
‘u-4i: .
S

Fia. 462, “Inchworm™ device.

Instead of using mechanical or hydraulic feed drives, clectrical drives in the form of stepping
motors may also be used. The design of such motors is, however, outside the scope of this book.'"*

Ft?r intermiticnt feed movements, for instance those required in grinding, planing and shaping
machines, the return movement of the driving shaft is often used for operating a ratchet which in
wurn rotates a feed screw by a specific amount during rach return stroke of the arm or table.

N -

.
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For exceptionally small and accurate setting movements, especially in cases where the danger
of “stick-slip™ exists, the so-called “inchworm™ unit (Fig. 462)'' has been developed, which is
based on the magnetostriction of ferromagnetic materials. The coarse movement of the part @
which has to be positioncd, is carried out by means of hand wheel ¢ and fced screw d. This screw
operates in a recirculating ball nut (see Fig. 203), which is built into a “magnclostrictor” b A
solenoid coil f; fastened to the machine bed e, serves for magnetizing the hollow tube 5, which can
be clamped to the bed by hydraulic bearings g, and g,. A sctting operation is carricd out as follows.
The clamp g, on the right is released and tuat on the left g, tightened. The solenoid coil [ is now
energized and as a result the nickel tube b contracts Jengthwise. Clamp g, is now tightened, g3
released and the solenoid de-energized. The tube b immediately expands to its original length and
carries the recirculating ball nut, together with the partato the left by the same amount, displacements
between 0-00005 and 0-0001 in. being obtainable. J

6. CONTROL AND OPERATING DEVICES

“The arrangement and Jayout of operating levers, hand-wheels, etc., must be’ such as to cnable
the operator 1o sct and control the machine easily, quickly and reliably. This has already been
discussed (see page 37). There are, however, many €ases in which a simple direct transmission of
control movements by means of levers and shafts does not satisfy one or all of these requirements
of easy, rapid and reliable operation. In such cases, either automatic control devices have to be
provideé or auxiliary equipment (optical, clectrical or mechanical) has to be added in the case of
manual opcration. -

The purpose and tasks of such auxiliary equipment are $0 varied and the design solutions so
numerous that it is impossible to discuss more than a small selection of typical examples, which
will be mentioned here. These concern the following operations:

(a) Measuring

(b) Speed change

() Switching and locking

(d) Positioning and locking

{¢) Lubrication.

(a) Measuring

Optical instruments which serve for accurately measuring positioning movements have been used
for many years and have been described in detail.”?” The main problem in their application lies in
the need to fit them in such a manner that they form an organic whole with the machine to which
they belong, hence making them integral parts of that machine. This means that their design solu-
tions must be the result of close co-operation between the machine tool designer and the designer
of the optical equipment. One of the main difficultics is the reduction to the minimum possible of
the influence of temperature changes caused by electric lamps and other heat sources upon the
accuracy of the assembly and the obtainable readings. In spite of all precautions taken by the
designer the reading and measuring accuracy of the optical instruments is limited by the imperfec-
tion of the human eye and the reaction of the human operalor. This means that the application of
electronics will have a great advantage.

In the measuring system (Fig. 463)°! of the Lindner jig boring machine, the scale is an axially
fixed, but rotating polished cylinder 1, on to which a helix is marked with high pitch accuracy..
The image of the scale is projected via a system of lenses and prisms, on 1o & screcn 2 and passes
through the measuring fork 3 of an electro-optical instrument. The fork consists of photo-clectric
cells which are balanced and thus make the reading on the clectrical measuring instrument zero
when a line of the scale is exactly in the middle of the measuring fark. As the reading of an clectrical
instrument is easier than the observation of a scale in an eyepiece, a reading accuracy of about 0-0001

) in. can be achieved. -

“The
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SHAFTS DIMENSIONING -~ RECOMENDATIONS
FIRST DESIGN APPROACH :
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1. Bearing systems for machine tool spindles

The spindle can be considered to be the heart of the machine tool
and the quality of the spindle has a major influence on machine
performance.

The most common requirements for a spindle are:

* High running accuracy

* High speed capability

* QGreat stiffness
* Low and even running temperature
* Minimum need of maintenance

Some of these requirements conflict with each other and it is thus
not possible to achieve the best of everything in one and the same
spindle, Therefore, when designing a spindle, a careful evaluation
as to which of the parameters are most important has to be made.
It may be necessary to know the end user’s requirements as a ma-
chine might be used in different ways by different end users.
Designing the machine in a way that makes it possible to accept
alternative spindles may be to advantage in many cases.

A range of bearing types and arrangements are available in order
to meet the requirements of the various parameters. The major
types of spindle bearings are shown in Fig. 2, which also illustra~
tes the relative proportions of the bearings.
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Fig. 2 Major types of spindle bearings

2344(00) BM1 '

1.1 Bearing system I

A combination of two double row cylindrical roller bearings of
series NN 30 K and one angular contact thrust ball bearing of
series 2344(00) gives a very stiff bearing system. The common
characteristics of these bearing series are that they have the same
low sectional height and that they have a large number of rolling
elements, :

Their low sectional height makes the spindle design compact, i.e.
permits the use of a large diameter without the spindle external
dimensions being too big. The large number of rolling elements is
a factor that is essential for the great stiffness of these bearings,
accentuated by the line contact of series NN 30 K and the wide
contact angle for series 2344(00). These two bearings are normally
mounted at the work side of the spindle with another NN 30 K at
the opposite side. The bearings of series NN 30 K have a tapered
bore in order to enable accurate adjustment of the preload on
mounting. With the help of a distance sleeve, bearings of series
2344(00) are accurately preadjusted to the proper preload in the
factory.

The characteristic features of this bearing system, in addition to
its great stiffness, are that radial and axial loads are supported
individually by the bearings and that all clearance in the bearings
and between the bearings and the housing can be eliminated as
thermal displacements can be accomodated inside the cylindrical
bearings. This system is suitable for spindles working in a wide
speed range and is commonly used for medium sized and heavy
lathes, machining centers, fine boring machines and surface
grinders. Fig. 3 shows a spindle for a CNC lathe with bearings
NN 3034 K/5PW33 and 234434 BM1/SP at the work side and

NN 3032 K/SPW33 at the drive side.
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Fig. 3 Spindle for CNC lathe



The latest generation of series NN 30 K bearings has for the most
common sizes been equipped with separate polyamide 6,6 cages for
each row of rollers. The properties of this cage enable cooler and
quiter running of the bearings, Fig. 4. The latest generation of
series 2344(00) bearings has a cage of a design that enables the
bearings to be run at higher speeds than before with grease lubri-
cation, Fig. 5.

Fig. &4 Bearing NN 30 K with polyamide 6,6 cages
~ designation TN9 and IN

Fig. 3 Bearing 2344(00) with cage allowing high speeds
- desfgnation H1

210

Another series of double row cylindrical roller bearings, NNU 49 BK,
with lower sectional height than NN 30 K is used especially for

large spindles, in order to reduce the external dimensions. In addi-
tion to the difference in sectional height, the design differs in

that the series NN 30 K bearings have the guiding flanges on the
inner ring and the series NNU 49 BK have them on the outer ring.

1.2 Bearing system II

If higher speeds than those that can be obtained with the bearing
system I are required then angular contact ball bearings are used.
These bearings can be arranged in many different ways, the arrange-
ment is determined by the stiffness and speed requirements. When
great stiffness is necessary, though not as great as with bearing
system I, then an arrangement with three angular contact ball bear-
ings is used at the work side. These bearings are available either

as a matched set or as single universally paired bearings, in both
cases with three different degrees of preloads.

Spindles requiring a set of three bearings normally also need good
axial stiffness and axial load carrying capacity and therefore bear-
ings with a contact angle of 25 are most commonly used for this
arrangement.

A bearing of series NN 30 K is commonly used at the opposite side
of the spindle so that thermal displacement can be accomodated in-
side the bearing.

High speed lathe and machining center spindles are typieal applica-
tions for this bearing system. Fig. 6 shows a high speed spindle
for a vertical machining center using bearing system II. The bear-
ings at the work siae are a matched set 7013 AC/PATBTB and the
bearing at the drive side is NN 3011 K/TNSPW33,

1.3 Bearing system III

When the stiffness requirement i{s not so stringent, and higher
speed is more important, bearing systems with only one or two
angular contact ball bearings at each side of the spindle are used.

A typical system is shown in Fig. 7 consisting of a set of two
bearings arranged back-to-back on each side of the spindle. The
bearing set on the drive side is then free to float axially. This
bearing system is commonly used for light, high speed lathes and
grinding machines. The spindle shown in the figure is for a small
surface grinding machine and the bearing set on each side is



Fig. 6 Spindle for vertical machining center -

/////'f//:

Fig. 7 Spindle for a surface grinding machine

7006 C/P4DBA. For this kind of spindle the exial carrying capacity
and stiffness is not so important and bearings with a contact angle
of 157 can be used. If the spindle is to be subject to heavy axial
loads it may be preferable to have bearings with 25  contact angle
at the work side.

Bearing systems with one angular contact ball bearing at each side
of the spindle are uged when the highest speeds are required. The
spindles will not be as stiff, but as spindles with this system are
supposed to work at more or less constant high speeds with light
londing the stiffness is not of major importance. Normally bearings
with 15° contact angle are used and in order to ensure maintenance

of the proper bearing preload, and without risking neither too
heavy a preload or clearance in the bearings, the system is pre-
loaded by a spring. The spring then acts on the outer ring of one
of the bearings, normally the drive side bearing. When there is a
requirement for higher load carrying capacity and/or greater stiff-
ness than can be obtained by one bearing at each side, then two
bearings in tandem can be applied on each side. This extremely
high speed system is typically used for internal grinding machine
spindles, Fig. 8. This spindle has one bearing set 7207 C/P4DGA
at each side.
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Fig. 8 Interns! grinding machine spindie

Instead of using a spring for preloading the bearing system, this
can be achieved by hydraulic means, making it possible to adjust
the hydraulic pressure eand thus the preload to suit the operating
conditions. This method is used for the high speed milling machine
spindie in Fig. 9 with bearing set 7010 C/PA9DT at the work side
and bearing set 7008 C/PAYDT at the drive side.

1.4 Other bearing systems

A system that has proved to be very successful when great radial
stiffness is required together with high speeds uses a bearing of
series NN 30 K at the work side and a set of two angular contact
bsll bearings at the opposite side. It is then assumed that the

axial stiffness is of minor importance. The distance from the spin-
dle nose to the bearings locating the spindle axially becomes of
course longer than for the other bearing systems that have been
discussed, which is a disadvantage from the thermal expansion point
of view. However, it may not be a disadvantage in cases where the
temperatures can be kept at low levels or the spindle is running at
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Fig. 9 High speed milling machine spindie

more or less constant speeds giving only small fluctuations in the
temperature,

Systems with taper roller bearings can be used for spindles work-
ing at moderate speeds and in a narrow speed range. The most
common system has one bearing at each side of the spindle and the
two bearings arranged back-to-back. A system often used for long
spindles has two taper roller bearings in back-to-back arrangement
at the work side and snother bearing at the opposite side. The
taper roller bearings then determine the performance of the spindle
and the other bearing acts as & support bearing, mainly to accomo-
date the drive forces. Fig. 10 shows a spindle for a lathe with one
bearing at each side,

Fig. 10 Spindle with taper roller bearings

23,4

2. Bearing systems for positioning screws

Quick and accurate positioning of workpieces and tools requires
that the translation mechanisms of the machine tool must be of high
quality. Ball or roller screws of high precision are utilized for
CNC machines for the linear movements.

In most cases bearings of special design are required to support
the screws in order to-benefit from the quality of the screws. The
bearings made for this purpose are one row angular contact ball
bearings. As the axial stiffness is an important factor they in-
corporate a large number of balls and have a steep contact angle,
60°, The basic designation of these bearings is BDAB 6342(00).
Depending on stiffness and accuracy requirements, these bearings
can be arranged in a number of différent systems. They can be ar-
ranged in sets of two bearings either back-fo-back, face-to-face or
in tandem or with three or four bearings in these arrangements,
Fig. 11.

WY O

AR O o |
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Fig. 11 Arrangements of screw support bearings

The bearings are available either as matched sets or as bearings
for universal pairing. In both cases the bearings become preloaded
to a predetermined value when arranged back-to-back or face-to-

face.

Short screws are supported at one end only. The number of bear-
ings and their arrangements are determined by the required stiff-
ness and the principal load direction. Long screws require a



support bearing at the other end, to avoid critical speeds. This
support bearing {s typically a normal deep groove ball bearing.
Most commonly positioning is determined by the number of revolu-
tion of the screw and is then dependent on its lead accuracy. If
the screw is long and is axially located at one end only the in-
crease in the temperature of the screw during operation may have
a detrimental effect on the accuracy. An improvement in accuracy
is then achieved by using a set of the special screw support bear-
ings at each end of the screw and by tensioning the screw on
mounting, Fig, 12,
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Fig, 12 Screw mounted in tension

f

When the temperature of the screw increases in operation the length
of the screw will increase but this elongation will take place within
the preload. Thus the changes in lead will be smaller than if the
screw had been free to elongate in a specific direction. The capa-
city of the bearings must be considered when determining the screw
tension, as well as the fact that some tension shall remain in the
screw when the maximum elongation occurs.
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Spindles of
machines

Arbours with 7:24
or Morse taper

- _;'H‘E(;—"B_ -4

Adapter arbours, sleeves
or chucks

‘Standardized cutting :
tools '

Fig. 92. Tool sets for N/C machine tools

reamers with taper shanks; 72—adapter sleeves with external and
internal Morse tapers; 13—long round adjustable adapter sleeves for
mounting and positioning of tools with Morse taper shanks; 14—
short cylindrical adapter sleeves for mounting and position adjust-
ment of tools with Morse taper; I5-—adjustable arbours for mounting

L q

shell core-drills and reamers; I7—collet chucks with Morse tapers
for mounting tools with straight shanks 5 to 20 mm in diameter;
18—split sleeves with external Morse tapers for mounting drills and
other tools with shanks 3 to 18 mm in diameter; I9—three-jaw
drill chucks with arbours for mounting drills 1 to 13 mm in diameter;
20—arbours having Morse tapers for mounting shell core-drills and



Morse taper —

Fig. 93. Arbours with taper (7 :24) shanks

version 1 — for boring tools; version I1 — for shell cutting tools with cylindrical or taper
mounting hole: version I1] — for cutting tools with adapter arbours (see Fig. 94) and straight
shanks; rersion 1V — for cutting tools with Morse taper shanks

Trapezoidal thread 36x2 m

65 i
!

—

Fig. 94, Adjustable shanks for end cutting tools

wersion I — for boring bars, end cutting tools and adapter arbours; versivn JI — adapter
arbours for cutting tnols with Morss taper shanks
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