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Poi'39 3 
TRENDS IN THE DESIGN OF METALWORKING MACHINERY AND IN 

PRODUCTION METHODS 
Mmx Kronenberg, Consulting Engineer, United States of America 

INTRUDI < HON 

For every nation, the world of tomorrow depends upon 
the metalworking machinery of today and the develop- 
ment of such machinery in the years ahead. Nations 
with highly developed metalworking industries enjoy the 
highest standards of living. The industrially developing 
countries are striving to follow this pattern. 

All modern products, whether large or small, are manu- 
factured on machine took or on n.achinery that has 
been produced on them. Machine tools are power-driven 
machines, not portable by hand, which are used to shape 
or form metal, primarily by cutting, but also by impact, 
pressure or electrical techniques, or by a combination of 
these processes. 

Estimates of the magnitude of chip-producing opera- 
tions illustrate the significance of machine tools for the 
general economy. In the first edition (1927) of a book by 
the present author, it was estimated that approximately 
1.5 million machine tools of all types were in operation 
in German machine shops (1). About 1 million of those 
tools could be classified as metal-cutting machines. On 
the basis of one eight-hour shift per day and 300 days per 
annum, there was a total of 2,400 million working hours 
on machine tools per annum. Thus, at a charge of 12 
per hour (in 1927), it was estimated that S4,800 million 
was spent annually in Germany for metal-removing 
operations. This author subsequently estimated that 
about S10,000 million was spent in the United States of 
America for these purposes (2). In a similar estimate of 
metal-cutting operations in that country, H. Ernst 
arrived at the same figure (3) 

In an estimate prepared for the United States Air 
Force, Metcut Research Associates came to the con- 
clusion that S3.000 million was spent in chip-making on 
machine tools for aircraft parts alone and 134,000 
million for all the metalworking industries in the United 
States of America. 

According to shipment data for 1963 (see figure 1), 
collected by the machine-tool industry in the Federal 
Republic of Germany, the industry in the United States 
of America was leading with S925 million, followed by 
the Union of Soviet Socialist Republics (estimate of 
S770 million) and the Federal Republic (S750 million). 
Other countries of significance in machine-tool produc- 
tion include the United Kingdom of Great Britain and 
Northern Ireland (1325 million), Japan (1300 million), 
France (1225 million) and Italy ($¡90 million). No data 
are available for Austria. Eastern Germany and Switzer- 
land. 

With regard to technological developments in the in- 
dustry, there has been much progress. In the past forty 
years, the horsepower available in machine tools has 
increased tenfold and the accuracy, hftyfold. It is, there- 
fore, possible to remove ten times as much metal per minute 
(in cubic inches) at the current time as it wa< in the 1920's. 
High-precision workpieces for the aircraft and spacecraft 
industries can now be produced. Forty years ago, there 
was neither the need for, nor the ability to produce such 
workpieces. 
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Figure I 

DATA   ON   SHIPMENT«;   BY   MACHINE-TOOL   INDUSTRY, 

SELECTED COUNTRIES, 1958 AND 1963 

Technological developments also have an important 
bearing on the human side of production. The strenuous 
physical effort formerly associated with operating a 
machine tool, such as cranking a lathe carriage or milling- 
machine table, has been reduced to pushing buttons or 
loading the machine with stock, or to supervising a 
numerically controlled (NC) machine tool. The workers 
are, therefore, less fatigued. Furthermore, less scrap is 
produced. 

It should be noted, however, that there is no indication 
that metalworking plants will become so completely 
automated that workers will not be needed. On the 
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contrary, in its report to the National Commission on 
Technology, Automation and Economic Progress, the 
National Nachine Tool Builders Association stated that 
by 1975 the number of workers in mcialworking 
industries could be etpccted to increase by I 5 per cent ( I ). 
Numerical control will create many new jobs requiring 
high skills and technical training for example, pro- 
grammers, electronic-maintenapce men, systems analysts 
and machine-tool control service technicians. 

The programmer for numerically controlled machine 
tools must be familiar with the relationships between 
cutting speed, cutting force, tool life, horsepower, depïh 
of cut, feed, geometry of the cutting edge, vibration, pro- 
duction time, etc, in order to obtain optimum results. 
Numerically controlled machine tools may be doing up 
to 80 per cent of the work handled by general-purpose 
machines in modern small- and medium-si/ed machine 
shops, when their owners can realize corresponding 
profits. 

With technological progress, there is an increased need 
for research. Eorty years ago, the number of engineers 
engaged in machine-tool research and metal-cutting 
science was very small; today, thousands of engineers arc 
working in this area of ever-increasing significance to 
industrial production. This increase has been greatly 
fostered by the progress in NC machine tools and by the 
new metals coming into application. 

The increase in metal-removing capacity —as indicated 
by the increase in horsepower and the great improve- 
ments in accuracy require the elimination or reduction 
of the vibration and deflection of machine tools. This 
depends, in turn, upon the reduction of cutting forces, 
an increase in the rigidity and related problems which 
are discussed in this paper. The need for research in 
regard to vibration was expressed in 1927 by the present 
author: 

"Th Jevclopment in machine tools will correspond to 
that of other branches of engineering, particularly air- 
craft development, namely, building for high speeds, 
low forces, increased rigidity which is not identical 
with increased weight and absence of vibration 
'"More research should be devoted to vibration prob- 
lems in machine tools, because high speeds to be 
expected will come into resonance with the neutral 
frequencies of thestructuraldesign of machinetools"( I ». 

The trend towards high speeds has increased, due to 
the advent of carbide and ceramic tools, and vibration 
research is being conducted at many places. 

As noted above, the new metals, among them the 
high-temperature alloys and the refractory metals, are 
another reason for the increase in metal-cutting research. 
These metals are often difficult to machine: and, in some 
instances, the culling speeds have had to he reduced so 
much in comparison with the machining of conventional 
materials as to require more machine tools, more floor 
space and higher investment in order to produce the 
same number of units. 

Therefore, alternative machining methods have been 
and are being developed. Many of these methods are 
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still in the experimental stage and may develop slowly, 
while others may be expected to influence pioduction 
methods in the near future. Among the latter group are 
u.c electrical machining methods, hot machining, laser 
cuti.ng and measuring, and high-energy forming. These 
methods, as well as others, are discussed in the present 
paper 

I.  Nl'MFRK'AL CONTROL 

Metalworkmg by numerical control will grow rapidly 
in application and will have a great influence on trends 
in the design and production of machine tools. This is 
not an evolutionary development, but a complete change 
in the operation of a factory and of the machine tools in 
it. At the current time, numerical control is still limited 
to a relatively small number of machine tools which 
are in operation in the industria!^ j countries. In the 
United States of America, for example, of a total of 2.1 
million machine tools currently installed in industry, 
7.000 are numerically controlled. It is anticipated, how- 
ever, that by 1975 the production of NC machine tools 
may well amount to 40 per cent, in monetary terms, of 
the machine-tool industry in the United States of 
America. 

With numerical control, operation of the machine 
tools in the shop is the responsibility of the methods 
department and the control engineer rather than of the 
operator. Time studies in the shop will gradually become 
superfluous, as the tape will control both the handling 
and the cutting time. The operator is thus elevated to 
being a supervisor of the machines, requiring greater 
skill in that he must be able to service the machines 
should trouble develop. 

In early 1963, about 150,000 tool and die makers were 
employed in the United States of America (4,5) in 
add'tion to 360,000 machinists, layout men and instru- 
ment makers, and 40,000 set-up men. During the 1960s 
35,000 workers will be needed to replace those who die 
or retire. An adequate labour supply is not expected to 
qualify unless company training programmes are estab- 
lished to teach workers in a brief time to do new jobs; 
such upgrading then opens vacancies further down the 
line. 

There is no place for NC machine tools in mass- 
production industries, where automated transfer lines 
and similar large-scale production equipment, e.g., auto- 
matic machine tools, will continue to prevail. Rather, 
NC machine tools are intended for the shop in which thè 
usual lot si« is one to ten or twenty pieces of a kind. 

The skilled operator of conventional general-purpose 
machines manually arranges such elements as speed 
levers and feed-changing levers, and dials the depth of 
cut. etc., according to instructions he receives from 
reading blue prints or from consulting routing cards 
delivered to him with the workpieces to be machined. 
In the case of the automatic machine, however, instruc- 
tions on tool travel, positioning etc. are built into the 
machine by the operator himself, who manually adjusts 
cams, bars, cycle times and other mechanical and elec- 
trical devices. In automatic screw machines, automatic 
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single- or multiple-spindle bar machines and others, the 
operator's activity is thus limned to the set-up of the 
machines 

With NC machines, the set-up time is considerably 
reduced due to the elimination of cams ai.d levers. Such 
machines do not even have hand-wheels, levers, dials and 
similar elements lor operating them The ratio of mach- 
ining li e.. productive) time to set-up and handling time 
is substantially increased by numerical control A punched 
upe is virtually tree of inertia, in comparison with a 
heavy drum for cams, and thus permits a more rapid 
travel and the shortening of idle time. Electronic controls 
work more accurately and also more rapidly than mech- 
anical devices, which need often complex linkages. The 
tape takes over the set-up procedure, which is expensive 
in time and quality of labour because it must be repeated 
each time an operation is changed  In the case ot NC 
machine tools, it is only necessary to replace one tape 
with another. .    ,nA-,      , 

Research on numerical control began in 1947 and was 
accelerated by the needs of the aircraft industry for new 
techniques that could produce intricate parts more 
rapidly and more accurately than conventional manu- 
facturing methods. . 

In 1952 this writer had the opportunity of observing 
the performance of the first NC machine tool at the 
research laboratory of the Massachusetts institute of 
Technology (United States of America). At that time, 
numerical control was, in many quarters, considered 
impractical, and relatively few engineers expected a 
development of such magnitude as that which has 
occurred during the past decade. Numerical control 
became practical as a result of advances in machining 
research and electronics used in other fields of engineering, 
such as radar, teletype and communications. 

A. Economy of numerical control 

The first question that arises when considering the 
application of NC machine tools is that of economy In 
general the initial investment is higher than that tor 
manually controlled machine tools. It is, therefore, 
advisable to quote a few case histories which show thî 
actual savings obtained (and also sometimes not ob- 
tained) when installing NC machinery. 

Brown & Sharpe, who operate NC boring mills made 
by Giddings & Lewis, realized the following savings 
several years ago: 40 per cent in the machining of turret 
heads for boring machines; 28 per cent in the machining 
of columns; 42 per cent in machining milling-machine 
tables, mostly owing to reducing down-time; and 50 per 
cent in the milling, fine boring and thread cutting of 
milling-machine housings. A total of 147,000 was saved 
during one year; 80 per cent of this sum was due to the 
elimination of jigs and fixtures, and the réduction of 
set-up and handling times. The NC machine paid for 
itself in four years. The deciding factor was the elimina- 
tion of fixtures that would have had to be built for the 
production of a new line of machinery. Furthermore, 
they gained additional freedom in the design of machine 
parts because changes in some dimensions only required 
changing the tape, rather than rebuilding a fixture. 

In an aircrati factory, it was found that the set-up 
time for an average operation was 2 hours on a manually 
operated machine tool and only 15 minutes on one 
which was numerically controlled. The number ot pieces 
that could be machined during one shift rose from two or 
three on the manual machine tool to ten and more on 
the NC machine. In this case also, the elimination ol 
fixtures and jigs played a major role in reducing costs and 
increa ing production. 

At   the   Miehle (Joss Dexter  plant,  presses tor the 
graphic   industries are   manufactured  on   many  hori- 
zontal boring mills of the Giddings & Lewis type. Several 
years ago, management decided that it would be best to 
begin with one machine in order to get experience with 
NC  boring  mills. The   intention  was  to   reduce  the 
number of machines so as to save space in the »hops 
and to cut the cost of fixtures, which often required 
considerable  investment,  particularly »hen  only  one 
machine was on order, as is frequently the case m this 
type of manufacturing.  Formerly, it was necessary to 
design and build new fixtures for almost every customer 
because the presses had to be adapted to the special re- 
quirements of each order. Through the introduction of 
NC machine tools, it was possale to eliminate 750 
fixtures and to save large areas of floor space which had 
been required for storing the fixtures. More productive 
space thus became available. The company is currently 
storing more than 15,000 punched tapes in a small space. 
Many of them can only be used for a special part, but 
such tape is economical, particularly when high accuracy 
is required. A punched tape is always made when six to 
eight holes are to be drilled in a workpiece. It is up to the 
programmer to decide whether to manufacture on a 
numerically controlled or a manually operated machine 
tool when less than six holes occur. 

The preparation of punched tapes is a new field for 
many plant divisions where NC machine tools are 
being introduced for the first time. The designer will 
learn without difficulty to enter dimensions in co-ordi- 
nates from a reference point on the drawing. Recently, 
method has been developed which even permits program- 
ming directly from a dimensionless drawing. 

O- -ation scheduling begins with the drawings and 
entails the use of standard form sheetscontainingcolumns 
for 'he position of work and tool, their size, cutting speed, 
spindle rpm, type of tool. feed, depth of bore etc. These 
data, retyped on a special typewriter, are deposited in 
duplicate in a fireproof box. Simultaneously with the re- 
typing, the punched tape is produced on the typewriter. 
It is often possible to save tape preparation tin.e when 
different workpieces have, in part, the same dimensions. 
One tape can be used for them, with additions to or 
removal of a part of the tape. Scribing of heavy work- 
pieces can often be entirely eliminated when punched 
¿apes are used. After about three months training an 
engineer will even be able to programme complicated 

PrTheSTases discussed so far refer only to positioning 
operations by numerical control. Economic considera- 
tions will be different in cases where fixtures do not 
exist and, hence the cost in this regard cannot be saved, 
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Table I 

TRACER CONTROL VERSIS NUMERICAL CONTROL: LOT SIZE, SIX PIECES" 

Operation 

Drawing of template .. . 
Programming  
Production of template. 
Punching of tape  
Set-up time  
Floor-to-floor time  

Operating time {minutes) 

Trat er lathe Sumerieatlv controlled lathe 

put e total Per piece Per 

90.0 15.0 
— — 496.00 82.60 

500.0 250.0 — — 
_ — 124.00 20.60 

90.0 15.0 15.00 2.50 
112.8 18.8 125.52 20.92 

Total time per lot    1.76X70 
Total time pe. piece  — 

759.60 
298.80 

Savings in tin»: 57.7% 

126.60 

« See figure 2 lor illustration of workpictes. 

as, for instance, in turning operations. The R. K. Le- 
Blond Machine Tool Co. has given attention to this fact 
and has run comparative turning operations on tape- 
conirolled and numerically controlled lathes. The latter 
produce workpieces with cylindrical as well as sloped 
and curved portions in continuous operation. Figure 2 
shows a workpiece, and comparative data are given in 
table 1. 

It will be seen from table 1 that the floor-to-floor time 
was slightly less on the tracer lathe (18.3 minutes) than on 
the NC lathe (20.92 minutes). In spite of this, the total 
time per piece was 57.7 per cent less on the NC lathe 

than on the tracer lathe. This result is mainly due to the 
fact that the production ti ine per piece for the manu- 
facturing of the template is as high as 250 minutes, 
while the corresponding time for the NC machine, 
namely, the tape-punching time, is only 20.6 minutes. 
If the lot size had been considerably larger than six 
pieces, say, 600 pieces, the floor-to-floor time per piece 
would have been the same as indicated in table 1, while 
the handling and preparation times would have been 
reduced to one-hundredth of the indicated time per 
piece. 

The break-even point, that is, the lot size for which the 

12.207 

Stocfc «iz«: 5*x12% 

Figure 2 

WORKPIECE lSED K)R COMPARATIVE TESTS ON TRACER LATHE AND NUMERICALLY CONTROLLED LATHE 
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total time per P,ecc .s the same for NC and tracer- 
ont rS machine tools, can be computed m the follow- 
íig way for the workpiece illustrated above .n hgure 2. 

Let: 
//,      handling     preparation time for tracer lathe 

H!      same fur NC lathe 
/'"     floor-to-floor time for tracer lathe 
F      same fir NC lathe 

The" total time would be the same for the two types of 
machines when : 

u   •   F      HF      total time per piece 
H<     h'        "        " (Equation 11) 

Assuming that the floor-to-floor times would remain 
unlS when increasing the lot size, one finds from 
table 1 that the difference between them, namely, r„ r„ 
is 2.12 minutes. Hence, from equation 1 : 

Fn - F,     H, - H„ 2.12 minutes 
(Equation 1-2) 

The lot size (L) times 2.12 minutes must equal the known 
lot size (six pieces) times the difference between the sum 
of the handling times; hence: 

2.12 L- 6(280- 105.7) = 1,045.8 
(Equation 1-3) 

Thus the "break-even" lot size: 
L-   1,045.8/2.12-495 pieces. 

(Equation 1-4) 

Details of this analysis are given in table 2. 

denied  Their problem is the cost of -n.tial investment. 
The trend in the prices for NC machine tools support» 
the general trend towards the increasing application ot 
numerically controlled machines Although the prices lor 
a number of NC machine tools has gone up d "ing the 
past live years, the prices have been reduced in many 
more cases, resulting in an over-all reduction, of about 
7Ï ¿r cent during the period from IMO lo l%4 This 
figure appl.es. as an average, to all types < f machine 
tools  The picture is different when the price changes 
are itemized for various types of machines and types ol 

t0"n 1964 about four times as many NC machine tools 
were shipped as in I960. Positioning controls increased 
somewhat more than four times and conunmng-patn 
controls about five times, while the straight-cut systems 
increased only twofold. Technok 3.cal differences be- 
tween the various numerical controls are discussed in the 
following section. 

Eight times as many NC drilling mach.nes were 
delivered in 1964 as in 1960 and 60 per cent more NC 
horizontal boring mills. . . 
Z price of machine tools equipped with f P""'°•J; 

control systems dropped about 31 per «"«¡^?£ 
1964 and that of the positioning systems themselves by 
45 per cent. The same percentages apply approximately 
to the straight-cut systems, that is, to systems where the 
culg oobtays in the cut during the tape-control travel 
ïn the case of point-to-point control, the tool is not m 
eniuement during travel. Contouting-control system» 
STenconsideîably improved and their pnce» have 
risen about 21 per cent, causing a pnce increase of 40 

Table 2 

TRAC« CCNTKOL VHKSt-S *,««— CONT*O^Z^^ 

Operution Lai silt 

Oprralint lime tmimttet) 

Tracer tof*7" ~ " ' >«-»."«,«» .oxtroiMh,k. 

Preparation and handling time per piece 
Floor-to-floor time per piece 

Total time per piece  
Saving» in time (percentage). 

280.0 
18.8 

298.8 

4<); 

3.39 
18.80 

22.19 

105.70 
20.92 

126.62 
57.7 

1.27 
20.92 

22.19 
0 

sc; f.»ure 2 for illustration or workpiece. 

It is evident from these figures that the NC machine 
toí hîaConsiderable advantage over tie: ttwr- 
œntrolîed machine too. as long as the lot •* ¿J»»* 
approach mass-production quantities. The advantage ot 

SNC machine is particularly V<«•*e•£Z 
Small lot sizes This confirms the claim that NC macnine 
"o "intended for the job shop and other plans .„ 

which the production of a few p.ece» is predominant. 

B. Reduction of prices for numerically controlled machine 
tools 

The technological advantage» of NC rchinetoob 
for the small and medium-sized machine shop» cannot be 

per cent for the machine tools equipped with this type of 
numerical control. The difference reflect» the co»t of 
changes in the design of these machines^ 

Comparing the prices by types of NC •f•J• 
yields significant information. In the •***Z¡¡Z 
boring mUb, the price rose about 8 per cent: fronI960Mto 
1964 Thk applies to both the control systems themse ves 
an^the machine tools equipped with them, indicating 
ìhat no substantial price changes were »«^v^ 
improvements in the design of horizontal bormg mdb. 

The prices for drilling machines equipped wit» 
„umSicîI control dropped about 60 per cent winch« 
STSme percentage a» the price drop m the control 

•AMI 
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systems alone. Hence, the price reduction in the NC 
systems was passed on to the user of these machines On 
the other hand, from I960 to 1964. the price for lathes 
»ith numerical control was reduced by 43 per cent^ 
although the price for the control systems dropped 64 
per cent The difference reflects again the cost increase 
caused by substantial changes in the design of the 
machines themselves. Pata for milling machines with 
numerical control do not permit a clear analysis and con- 
clusions. in 

The cost of the NC equipment averages about 30 per 
cent of the total cost of a machine too!. This figure has 
not changed substantially dur.ng the period 960-1964, 
even within the different categories considered above, as 
is shown in table 3. 

Table 3 

PROPORTION ot cost OF NIMERKAL CONTROL IN TOTAL 
MACHINE PRICE 

{PtrceiiKifri 

t aunt"y 

Poinl-to-point control 
Straight-cut positioning. 
Contouring control     
Boring mills 
Drilling machines  
Milling machines 
Lathes  
Over-all average lapprox. I. 

IWH) 

17 

.17 
It« 
.10 
.14 
41 
30 

l<M>4 

29 
20 
12 
II 
.IH 

25 
.10 

Max KiimMbtrt 

"dated, namely, pomt-to-nomt and ^¿"^¡jj^ 
trol. The latter system makes use of «he »act tha most 
contours of workpieces are composed ot simple slopes, 

cula curves and ellipses. When the lengths and slopes 
of the straight lines and the arc lengths are known, the 
continuous^ contouring system converts the data into 
continuous movements of the mach.ne. L< ntroI sheet, 
are developed directly from the engineering drawings and 
the punched tapes on a typewriter 

r: „ure 3 shows the difference between the two sub- 
groups „f contouring control. At .he left are shown three 
caws for the point-to-point contouring method, also 
called "step contouring", while the corresponding con- 
tmuous-path method is shown at the right. In the top 
row, slopes are considered. In the case of step contourm* 
he stepsVesent the actual path of the tool requiring 

many separate commands to approximate the straight 
line of the slope. . 

Circular arcs are compared in row B . Again, the 
steps at the left represent the actual path of the tool for 
pricing an arc of radius "R". At the right, it is shown 
that the arc can be produced by one command. In the 
case of ellipses, many commands are inquired for con- 
touring them by the step method, wh.e with the con- 
tinuous-path method, only two commands! marked Mind 
c-l and two repeat commands (marked d, and d,) are 
necessary. The numerous computations required for the 
steps are reduced to a few in the case of continuous- 
path contouring systems. 

IW6I. 

C. Types of numerical control 

Three types of numerical control are usually con- 
sidered first, there is the so-called "positioning control , 
also known as point-to-point control  where the tool is 
not in engagement with the workpiece during positioning. 
Either the tool or the workpiece is moved by NC in 
order to position a drill or milling-cutter over several 
holes The second is the straight-cut control, where the 
tool performs a machining operation, such as cutting a 
groove in a workpiece, while travelling under numerical 
Control. These two types of NC are often comb.ned, for 
instance, when drilling holes. The positioning is effected 
by NC when the tool is not cutting, wh.le the straight 
cut   in this case, drilling the hole   is earned out under 
NC after positioning. In the third type, contouring con- 
trol the cutter follows a predetermined path consisting 
of straight lines, tapers, and simple or complex curves, 
äs required  by  the contour of the workp.ece to be 

mình|960 only 15 per cent of NC machine tools were 
designed for contouring and 85 per cent for positioning 
and straight-cut control. Since then, the trend has 
changed considerably. The application of contouring 
control has risen to 30 per cent, and that of the two other 
ypes has fallen to 70 per cent of all NC mach.ne tools 

built m the United States of America. The trend i.. other 
countries is similar. a..^ 

In contouring control, two subgroups can be differen- 

ti. Co-ordinate systems: machine axis designations 

The designation of the axes of NC mach.ne tools began 
with the drilling machine, where the customary co- 
ordinate system applies, namely, that v is the ax.s to 
the right in a horizontal plane, y is the ax.s going north 
to the v axis and z is the axis vertical to the .v y plane. 
Although this principle is still used, it was found neces- 
sary to adapt the co-ordinates to the requirements of 
programming for numerical control. 

Numerical control can be simplified if the z axis is not 
always vertical (as is customary and in use for drilling 
and other machines), but if z is taken either as the axis 
of rotation of the tool (fig. 4) or as the axis of rotation of 
the workpiece (fig. 5). 

As is shown in figure 4, z is vertical in the case of the 
single-spindle drilling machine, but horizontal for the 
knee type of milling machine and for horizontal boring 
mills. In the case of a skin mill, the : axis may even be 
inclined. . 

Correspondingly, the ; axis is horizontal for woikpieces 
with horizontal work rotation, as on lathes, grinding 
machines or turret lathes, as is shown in figure 5. 

When more complex machine tools are considered, 
e.g., milling machines for profiling and contouring (see 
fig, 6), the z axis, taken in the traditional way, is vertical 
when the cross-rail movement is tape-controlled, but it 
becomes the sloped axis of tool rotation if the vertical 
movement is not tape-controlled. In the case of shaping 
machines and planers, r is again the vertical co-ordinate. 

These axis designations have  not been universally 
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adoLcd, however, and this situation prompted the 
Propammiiii Committee of the Japanese Electronic» 
Industry to prepare suggestions for an "»ternational 
standardization of co-ordinate systems for NC machine 
tools. Figure 7 shows a comparison of StandarJRS»7 
of the United Statea of America with Standard VD13255 
of the Federal Republic of Germany and with the 
Japanese compromise solution. The standard used in the 
United States of America is based on a nght-hand co- 

ordinate system and that of the Federal Republic on a 
left-hand system. .    .   .A.       .. 

This is particularly evident from the sketch of the vert- 
cal milling machine shown in figure 7. Lookmgatthe 
workpiece in the direction of the z axes shown there, it 
will bVreali«d that the x axis turns the workpiece to the 
right in the co-ordinate system used .n the United States 
of America and to the left in the system used m the 
Federal Republic of Germany. In the case of the vertical 
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milling machine, the Japanese Committee has suggested 
the adoption of the method used in the United States, 
while in other eases, new designations have been sub- 
mitted. The following definitions for ,he : axis have been 
suggested by the Committee: 

(tí) For machine tools with rotating tools (milling 
machines, horizontal boring mills, drilling machines), the 
2 axis is that which is parallel to the axis of tool rotation; 

(b) for machine tools with rotating workpieces (lathes, 
turret lathes) and for machine tools with rotating tools 
and workpieces (grinding machines), the z axis is that 
which is parallel to the direction of the main cutting 
force ; 

(c) For machine tools with straight-line motion of non- 
rotating tools or workpieces (shaping n.achines, planers), 
the z axis is that which is parallel to the direction of the 
stroke of tool or workpiece. 

In a number of cases, definitions used in the United 
States of America agree with the Japanese suggestions, 
while in others, they do not. In the United States, Stan- 
dard RS 273 lists fourteen different motions and designa- 
tions for NC machine tools. Obviously, no one machine 
tool will have all fourteen : in fact, only the more complex 
machines have four or, occasionally, five or six axes. The 
additional axes are the axes of swing (designated by a, b, 
e) around the basic .v, y and z axes. 

In the United States of America, the trend in NC 
machine tools is towards the utilization of simultaneous 
multiple movements. Such a method will permit simul- 
taneous machining in various directions, as is desirable 
for the machining of complex contours This will free the 
designer from the limitations imposed by production 
problems, so that he will be able to use special contours 
on vehicles and machine parts, such as helicopter rotor 
blades or impellers, which give optimum performance, 

Although industries in the United States of America 
are the most advanced in the development and applica- 
tion of NC machine tools, other industrialized countries 
have also entered the field. 

In the Federal Republic of Germany, numerous 
machine-tool companies are beginning to produce NC 
machine tools. The Automation Committee has, among 
its eighteen subcommittees, a group concerned with 
numerical control. Items handled by this subcommittee 
include electrical control, hydraulic control, tools, 
ma .-nine-tool standards and training. 

A few years ago, programming work in the United 
Kingdom was at a relatively low level. The machine-tool 
manufacturers had been taken by surprise, but they 
changed their policy upon realizing that NC machine 
tools would be used in factories everywhere. Research 
facilities were established to investigate such design 
problems as deflections, vibration and thermal expansion 
At the current time, sixteen companies in the United 
Kingdom are building NC machine tools. 

In the USSR, numerical control began with a milling 
machine and a turret lathe with punch-card control. The 
machining cycle included speed and feed change, work 
stroke adjustment, rapid traverse, positioning, dwelling, 
spindle reverse for tapping etc. Seventy-seven horizontal 
and twentv-two vertical  columns  were  punched.  The 

punched cards were mounted on a silver-plated brass 
drum. The Soviet Union is currently producing seven 
types of NC machine tools, and programming involving 
the machining of three-dimensional workpieces with 
curved surfaces is also being developed. 

Other countries in whirh NC machine tools are being 
produced include Austria, Czechoslovakia. Fastern 
Germany, France. Italy, Japan, Sweden and Switzerland. 

E. Standardization of punched tapes- 

Punch cards are no longer so significant, having been 
replaced by the eight-channel punched tape, which is 
I inch in width. The binary system is mainly used because 
it requires only "On" and "OIT" positions. In practice, 
however, it is often difficult to read binary numbers, 
which are, >!' course, based on the numerical 2. Table 4 
provides useful data for conversion from the binary to 
the decimal system. 

Table 4 

BINARY DKIMAI. CONVERSION 

(Read from right to left) 

Place in binary figure    6      5 
I xponcnlial value    2-     24 

Decimal value  32    16 

In order to convert the binary number 1100 into deci- 
mals, one must read "1100" from right to left, remem- 
bering that "0" means "off" and "I" means "On". The 
two zeros at the right end of MOO indicate "Off" and 
do not appear in the decimal equivalent. Numerical "I" 
in the third place from the right in 1100 has a value of 4, 
according to table 4; the nexl "I" taking the fourth 
place from the right in 1100 has, correspondingly, a 
decimal value of 8. The sum of the valid numbers is 
therefore: 4 8 12. Hence, the binary number 1100 is 
represented by 12 in the decimal system. After some prac- 
tice, it will be found that the conversion offers no great 
difficulties. Table 4 can be extended to the seventh place, 
which has a decimal value of 2*    64 etc. 

The disadvantage of binary numbers is their length. 
For example, fourteen digits are required to represent the 
decimal number 10 256 On the punched tape, therefore, 
a combination of horizontal and vertical binary numbers 
is used Most of the standard tapes have channels 2°, 2', 
2-and 2' Fach of these numbers (I, 2, 4, 8) thus has one 
channel, K.i-'ting in the(»llowingarrungement for 10.256: 

4       3       2 
2'       2-'       2 
8        4        2 

first channel 2" 
Second channel 21 

Third channel 2- 
I mirth channel 2' 

1 10010(each I means I) 
2 '«.101 (each I means 2) 
4 00011 (each 1 means 4) 
X   00.000 (each I means 8) 

Sum 10 256 

Although the figure 10,256 is now represented by 
twenty digits, the optical reader can process five short 
numbers faster when they are arranged in four channels 
than it can handle ore long figure ¡n one channel. The 
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holes, representing the "1" and the blank spaces, repre- 
senting the "0". are compressed into a shorter length. 

In R:> 244, which is the de facto standard used in the 
United States of America for the eight-channel, 1-inch 
wide tape, the etnie requirements are spelled out for 
designating numbers, letters and symbols to be placed 
on the tape. Other standards include the following: RS 
227, which specifies the tolerances of the medium and 
the holes punched therein for the 1-inch perforated 
paper tape, RS 267, which applies to interchangeable 
perforated tape for positioning and straight-cut NC 
machine tools, and RS 274, which deals with the inter- 
changeable perforated tape for contouring and contour- 
ing positioning NC machine tools. 

The rise of the computer and, with it, the increase in 
codes, created an economic problem, due to the cost of 
the computers. As a result, a new code, known as ASC-ll, 
was developed. This trend in the development of NC 
machine tools, however, has resulted in a controversy, 
which is going on at the current time. Opposing the new 
code are many engineering organisations, including 
among others, the American Society of Mechanical 
Engineers, the American Society of Tool and Manufac- 
turing Engineers, the Society of Automotive Engineers, 
and the National Machine Tool Builders Association. 

An argument presented by the proponents of the new 
code which has, thus far, been suggested only—is ,hat 
information will, in increasing volume, be sent via tele- 
type to programming centres from a machine shop many 
hundreds of miles away and that this can be done faster 
with the proposed code. Those opposed to the new code 
claim that this is also possible with the existing codes, 
although at somewhat reduced speed. The main objec- 
tion centres about the increased cost for the conversion of 
existing tapes into tapes adapted to the proposed code. 
It is, furthermore, pointed out that the proposed code 
requires twice as many holes as the codes currently used 
and that the punching errors will, therefore, considerably 
increase. Figure 8 shows a comparison of the two codes. 
At the right is the standard code, which is used to a 
proportion of 98 percent in the United States of America ; 
at the left is the proposed code, ASC-II. The short 

horizontal lines in the figure refer to the right-hand 
(standard? code; they separate commands as indicated 
by the hole punched in the eighth channel, counting the 
channels, as always, from right to left. In the new code, 
shown at the left in figure 8 four holes are required for 
the same purpose. 

In the Federal Republic of Germany, the preliminary 
standards for numerical control (series VDI 3250) cover 
nomenclature, programming and tapes Programming 
should be based on fourteen letters, ten numerals and the 
plus and minus signs. Most of the standards refer to the 
five-channel tape, which is more widely used in Europe 
than in the United States of America, where the eight- 
channel tape is nearly 100 per cent in use. The European 
five-channel tape was developed in conjunction with the 
teletypes used abroad to a considerable extent. Repair 
parts available for teletype machines can thus be utilized 
in the devices for numerical control. 

The eight-channel system, however, permits 255 
punch combinations, while the European five-channel 
tapes allow only 31 combinations. There are tapes that 
can be used for both five- and eight-channel program- 
ming. Companies in the United States of America have 
developed typewriters that are mainly used for eight 
channels; but there are adapters which translate auto- 
matically from the eight-channel system to the five- 
channel system used in Europe, thus making it possible 
to convert methods used in the United States into Euro- 
pean methods of programming and codi..g It should be 
noted that in Czechoslovakia, 35-mm film is used in NC 
machine tools. 

F. Recent trends in programming 
During the past few years, newer systems have been 

developed in the United States of America, primarily 
for programming contours, namely, the so-called 
"ADAPT", "APT" and "APT III" systems. ADAPT and 
APT HI can also be used for positioning purposes. With 
the ADAPT system, the complete NC processing of a 
workpiece can be described by "English-like" sentence», 
which represent the information on the drawing and the 
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Figure S 
COMPARISON OF NEW ASC-II CODE WITH STANDARD EIGHT-CHANNEL CODE LSED IN UNITED SfATtsoF AMERICA 
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actions necessary lo manufacture the part. It consists 
of the main processor, which translates the part pro- 
gramme to computer 'language", and the post processor, 
which converts the output of the main processor into a 
control tape. With these systems, the user can employ 
any computer or have his programme prepared outside 
APT III is available at outside data-processing centres 
for participating companies ADAPT is simpler, hut it 
can handle 75 per cent of the requirements of the average 
shop. These systems can also detect punching errors. 
such as punching I instead of I The computer cannot 
handle ¡i dimension, such as 5 125 instead of 5 125 

Another step in the direction of saving time in the 
preparation of the tape is the development by the (kneral 
Llectrtc Company United States of America) of the 
"Autoprogrammer" This machine makes it possible to 
prepare a punched tape from a drawing without dimen- 
sions on it It eliminates the typing of p ogramme manu- 
scripts and the dimensioning of drawings. A stylus is 
placed over the drawing on the layout table and scans 
the dimensionless drawing, automatically punching the x 
and v eo-ordmales into the tape As soon as all informa- 
tion from the drawing has been entered, the tape is ready 
for use. The operator can give auxiliary commands, such 
as spindle speed, feed etc , by depressing the appropriate 
letters on the console 

(i f>e\ign features nf mimerHalh tuntrolleti nuuhme tools 

The advent of Ni" machine tools has influenced the 
design of not only this important portion of machine 
tools, but also all or many other types of conventionally 
controlled machine tools, as is discussed in detail m a 
subsequent section ol this report 

As far as NC machine tools are concerned some com- 
panies deemed it necessary to make such machine tools 
heavier than the corresponding manually controlled 
machine hvols. The guideways were widened and anti- 
friction bearings and rollers were incorporated These 
changes were necessary because ol the so-called "shek- 
sjip" effect ol slowly moving tables, carnages and saddles 
before coming to an acórale stop at a predetermined 
position Motors must he dimensioned to avoid over- 
heating, and the lubricating systems must be well 
designed Lead screws must have a good fit. and carriages 
must be able to travel to within tractions of a thousandth 
of an inch 1 he design ol the machines not only requires 
good machine-tool practice, but also gotni theoretical 
knowledge of the deflections thermal expansion and 
vibration of machine tools and of their elements. Research 
into the structure and the distribution of the misses for 
minimi/ing or eliminating these disturbances is playing 
an increasing role in the design ol all machine tools 

I ngineers in the Soviet l mon ch.tltenge the theory that 
friction, reduced bv increasing speed or increased by 
reducing speed, is mainly responsible tor the phenome- 
non of stick-slip I luv. claim that the design ot guide- 
ways and drives has a m.i|«>r effect on Inchon and that it 
is not sufficient to c nsuier onlv the lubrication ami the 
material of the gliding MIII.KCS Ihr» ..insider also the 
surlacc finish, the guidew.tv design and the inertias of the 

travelling machine elements 
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At least two degrees of freedom of vibration must be 
considered, one in the direction ol" motion and the other, 
perpendicular thereto Adding weight to a machine tool 
dtK-s not necessarily reduc. vihation. I his conclusion 
was reached by machine tool experts in bo'h the Soviet 
l¡mon and the I'nitcd States of America Ihe floating of 
a table depends upon the oil film, tilting the table at 
stroke r.-versal n. various ways, depending upon the 
velocih I 'ie leading edge of a table rises at slow speed 
but diops at higher speeds Between these speeds, the 
table r.'mams stable 

Similar investigations carried out in the federal 
Republic of (iermany. where lead screw drives were 
tested at various speeds and with diiferent masses, resulted 
in the following formula for the optimum table speed to 
mimmi/e over- or undershooting of the positioning 
location: 

\ I 6< / 
.VH (equation 1-5) 

where r„ coasting velocity while approaching the de- 
sired position, .», distance travelled and < constant 
involv mg mass and friction It will be noted that the effect 
of these quantities is very large, due to the exponent 3.8. 

In the United Kingdom. NC machines with conven- 
tional cast-iron beds and slides were compared with 
combinations of cast-iron beds with bron/e-impregnated 
bearings and hydrostatic bearings, as well as with other 
combinations In the case of cast-iron tin cast-iron, it is 
necessary to la1 e the microasperities into account, in 
addition to the surface shape and flatness. The combina- 
tion of cast-iron rer-.us impregnated bron/e seems to have 
a substantial advantage because the coefficient of friction 
remains constant as the slide approaches its final position, 
while the coefficient of friction increases in the case of 
the conventional combination of cast-iron on cast-iron. 
Hydrostatic bearings can be adapted to maintaining a 
thin oil film, as is desirable for continuous-path con- 
touring 

In Switzerland, the effects of NC requirements on 
machine-tool design are likewise closely examined. Good 
results have been obtained with regard to the stick-slip 
problem by coating the guideways with a molybdenum 
compound 

In the present paper it is possible to describe only a 
lew of the many NC machine tools which have recently 
been designed The trend is towards the so-called 
"machining centre". Machines of this type are multiple- 
purpose NC machine tools permitting milling, drilling, 
boring, tapping etc. in one or a few set-ups. The work- 
pieces may have several surfaces Considerable savings 
are realized, pa ticularly in handling and set-up time. On 
a work piece with four sides, one top and one bottom 
surface, onlv three changes in the set-up are required 
when using a machining centre, as against thirty-two 
set-up changes in the case of conventional methods. 
Hence ,'. 0 94, >r 94 per cent of the set-up time is 
saved, which may .'.mount to SUM) per workpiece, assum- 
ing a co>t t<( $20 jx-i hour and 10 minutes per change. 
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N' icrically controlled machine tools usually do not 
have .and-wheets or levers, as is made evident in figure 9 
which shows lathe model 1025 of the American Tool 
Works. This machine is equipped with the Mark Century 
102 C numerical control made by the General Electric 
Company. The tool can stay in the cut when the sp.ndle 
speed is changed by numerical control 
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to-point straight-line system that handles milling, drilling, 
reaming, tapping and boring in a single set-up. It changes 
the tools automatically, selecting the proper one from an 
indexed rotary magazine which is capable of storing h - 
teen tools and which can be seen at the top of figure II. 
The tool changes are co-ordinated with the positioning 
of the workpiece for the next operation. The four- 

Figure 9 

Nt'MERtCALLY CONTROLLED LATHE, MODEL 1025, AMERICAN TOOL WORKS 

Figure 10 shows a new model of the turret lathe with 
inclined bed, which is being built by Warner & Swasey 
(United States of America). This machine, in the design 
of which the present author participated, offers several 
innovations. The bed is slanted at 201 to the: vertica . 
Research had shown that the cutting forces could be well 
distributed over the guideways and other elements o 
the machine. The width of the ways with regard to least 
wear and minimum cost was also '«^¡¡J»1«?- T£ 
machine is equipped with the Mark Century No. 100 NC 
model. The sequence of operations can be programmed 
by the operator himself. If a change in feed, cutting speed 
or depth of cut should be necessary during the automatic 
cycle, the operator can override the tape commands with- 
out affecting the remaining commands. In this way, 
optimum metal-removal rates and accuracy can be ob- 
tained. The operator can also correct the command 
when the tools begin to wear or when the stock ot 
material on the rough workpieces varies. The slides are 
moved by ball screw feed shafts. 

The new Milwaukee-matic (see fig. II), which is bu.lt 
bv Kearnev & Trecker (United States of America) is 
designed for multiple machining operations. It is a point- 

position indexing tabic permits the machining of four 
.¡des of a workpiece in a single set-up. The machine can 
also be equipped with two-axis contouring control. 

II. PRODUCTIVITY 

The increase in metal-removal rates «quired by mod- 
ern manufacturing methods is well reflected by the in- 
crease in the horsepower currently available at the cutting 
edge and in the motors of machine tools, in comparison 
wiS those in use only ten years ago. The rnetal-rernoval 
rate, measured in cubic inches per minute, depend»upon 
the hp of the machine tool, according to the following 

equation : 

n  min      396-000hp (Equation II-l) cu. in. mm. ^ x M 

where k unit cutting force (Ib/sq. in.) of the material 
Ling cut It follows from equation II-l that more meta 
can be removed per minute when the horsepower of the 
machTn^increaTed. Limits for this general equation for 
the metal-removal rate are discussed be ow; they are due 
to tool wear, feed, speed and other qualities. 
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Figure 10 

Nl MERK All Y CONIROI.ID HRRtl I-ATHfc «ITI INCLINED BED. PRODUCED BY WARNER & SWASEY 

Dividing both sides of equation II 1 bv the horsepower 
results in: 

in. mm. 
hp 

396.000 
A. 

(bquation II 2» 

Equation II 2 indicates that the metal removal rate per 
horsepower of the machine is nothing but the reciprocal 
of the unit cutting force, multiplied by 396.000. Hence, 
trying toestablish a trend based on cu. in. mir,, hp cannot 
give the desired information. Such information pertains 
only to the unit cutting force required for machining 

the respective materials. This is often not realized by 
many engineers and salesmen for machine tools. 

It is, rather, the horsepower of the machine tools that 
may serve, within its limits, as a fair criterion for the 
trend in productivity and in the metal-removal rates. 

Productivity, as expressed by the metal-removal rates 
and the horsepower of the machine tools, has increased 
more than 100 per cent during the period from 1953 to 
1963. A few typical examples of this trend are listed in 
table 5. 

These increases in productivity, together with the in- 
creased demand for higher accuracy, have been made 

Table 5 
SURVEY OE INCREASE IN PRODI CEIVITY AS EXPRFSSED BY INCREASE IN HORSEPOWER OE 

MACHINE HXH.S 

%tíithinr-tiu>l tiroup 

llnr\ept>*t 

{prrtrnlutti I 

Spimitc \pftil 
{maximum rpmì 

WJ M./i. 

Lathes (engine)  W 20 100 
lathes (tool room)  ' - "*' 
Lathes   (turret)  '<> -f * 
Horizontal boring null -' «*' *' 
Grinders ism?II)  " • °° 
(¡rinden (large)  » • •" 
Grinders (rotan)  I«» =«> 6 

Milling machine (knee)  '<> '* *" 
Milling machine (bed)  L5 5? M 

Over-all average 125 

700       1.750    Monarch 
1,200      2.500    Monarch 

7 JO      2.000   Gisholt 
Giddings & Lewis 
Matt i son 
Mattison 
Matttson 

I eed (inches per minute) 
40 VX)     Cimi Mill. 
30 150     Cinti Mill 
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possible by changes in the design of the machine took 
often based on scientific and applied research into 
rigidity, deflection, thermal expansion and vibration. 

A. Productivity charts 

The utilization of the horsepower available at the cul- 
line edge of the tool has been made possible by metal- 
cutting research and application of results to practice 
The man in the shop used to rely upon data collected 
from observed experience; these data often had such w.de 
tolerances that it was nearly impossible to determine 
optimum Mlues tor a specific job with sufficient accuracy 
In aneffort to improve this situation, the significant metal- 

tutting data collected ¡n the United Slates ot America 
and in numerous European countries have been investi- 
gated and brought into a logical system ' Numerous tests 
have been conducted, and many of the formulae and 
data   discovered   in   this  way   have   proved   useful   in 
practice. 

To get the message through to those who need it. 
these data and findings should be presented in ways best 
suited to the eventual user. i.e.. the tool engineers, timc- 
study men. supervisors, managers and operators The 
means mav be charts, tabulations or instruction sheets 
Charts give a survey and permit realization o» the effe» ' 
of change from one quantitv lo another Intermediate 
values are more readilv found from charts than from 

Figure II 

M„w*tK»-M.u.<•Mri.nru.ri-M^MACH.N, «*„, PK.HH < H> BY KU^Y & T*M H* 
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tables. On the other hand, tables are more useful than 
charts when the user is not sufficiently familiar with the 
reading of charts (as may be the case in the industries of 
developing countries) or when a reading must be dupli- 
cated exactly. 

Productivity charts convey basic information to the 
eventual users, including programmers for NC machines. 
In making up the productivity chart shown in figure 12 (in 
this case, for SAE 1035), the lower horizontal axis is 
plotted in terms of chip areas (feed / depth of cut) in 
values of 0.002 to 0 050 square inches. The cutting speed 
is plotted on the vertical axis for a range from 30 to 600 
ft/min. At the top of the chart, a scale for cutting forces 
ranging from 500 to 10,000 pounds is plotted. Cutting 
force is a very important quantity in metal cutting and 
is required for determining deflections and whether the 
machine or the workpiece is rigid enough with respect to 
the accuracy desired. 

In the centre field of figure 12, two series of lines des- 
cend from left to right at different slopes. The lines with 
the smaller slope (those going to points 1 and 2) are the 
result of tool-life investigations, while those with the 

MMKI 

larger slope (those going to points 3 and 4) are derived 
from horsepower and cutting-force investigations. The 
limits qualifying the application of the general formula 
for the metal-removal rate (equation 11 H are incor- 
porated in the productivity chart, as will become evident 
hereafter. For example, assume an 8-hp machine, a high- 
speed steel tool and a tool life of 60 minutes for the re- 
moval of a chip of 0.013 sq. in. (i-inch depth of cut by 
0050-inch feed rev). The circle at the intersection of 
these quantities shows that these conditions will be satis- 
field when the cutting speed is set to 80 ft/min. 

It is now desired to investigate the changes that occur 
in the metal-removal rates if speed, feed, horsepower or 
tool life are changed. 

Following the 60-minute tool-life line in direction of 
the arrow leading to point I results in an increase in 
cutting speed and a reduction in feed. In this way, the 
6-hp line is approached. Hence, an 8-hp machine cannot 
be fully utilized if the feed is reduced and the speed is 
increased in such a manner that the tool life of 60 minutes 
is maintained. The metal-removal rate, or, in other words, 
the productivity, would be reduced, as can be determined 

.002 00* 
Feed i depth of cut. chip arta (square inchat) 

v i    H>i     hmh 
fig un1 12 
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from 'he chart. At the circle, the metal-removal rate is 
0013 80 12 12.5 cu. in. min. At point I, with a 
«.utting peed of 105 ft mm and a chip cross-section of 
0 0065 sq in., the metal-removal rate has dropped to 
0.0065 105 12 82 cu. in. mm. This is a loss of 
^percent. 

Following the 60-minute tool-lire line in the opposite 
direction, namely, along the arrow leading to point 2, 
results in an increase in feed and a decrease in cutting 
speed. Here, the 10-hp line is approached, indicating that 
the 8-hp machine would be overloaded. 

A third possibility is indicated by the arrow leading to 
point 3. Again, the speed is increased, but even more so. 
and the feed is reduced. In this case, one leaves the 60- 
minute tool-life line and approaches the 10-minute line. 
Because such a short tool life will often be undesirable, 
one changes from high-speed steel to carbide tools and 
thereby increases the tool life to more than 1,000 minutes, 
as indicated by the fact that one is below the carbide line 
for 1,000 minutes. The metal-removal rate at point 3 is 
somewhat less than at the circle,namely.0.0065      144 
12      11.2 cu. in. min. This is a loss of only 10 per cent, 
as against the loss of 35 per cent when maintaining a tool 
life of 60 minutes for high-speed steel. The loss in the 
metal-removal rate is compensated by the gain in tool 
life and, hence, by a reduction in down-time for tool 
changes, as well as by improvement in the surface finish, 
due to the disappearance of the built-up edge at higher 
speeds. The accuracy will also be improved, as indicated 
by the reduction in the cutting force which drops from 
1200 lb at the circle to 1,800 lb at point 3. (The same 
drop applies also to point 1. without, however, the bene- 
fits in tool life, surface finish etc.) 

In spite of the loss in the metal-removal rate, which is 
alv ays the result of feed reduction and speed increase, it 
is often desirable to reduce the feed and increase the 
speed according to the line to point 3, that is, by fully 
utilizing the horsepower of the machine. This procedure is 
recommended whenever the workpiece is unstable and or 
when a high surface finish is required. The trend in pro- 
duction methods follows this combination of speed and 
feed, and will do so in the future to an increasing extent 
when the metal-cutting relationships disclosed by research 
are more fully understood in the shops. 

Another possibility remains, as indicated by arrow 
leading to point 4. Here, the feed is increased, the speed is 
reduced and the horsepower is again kept constant. Tool 
life of high-speed steel is improved, and the metal-removal 
rateincreasestol5.3cu.in. min. at point 4. This is a gain of 
22 per cent. However, the cutting force increases con- 
siderably; namely, from 3,200 lb at the circle to 8.000 lb 
at point 4 The workpiece and machine would, therefore, 
he considerably more deflected than they are at the circle, 
resulting in a poorer finish and reduced accuracy. This 
type of change is therefore recommended only in the 
¿d-c of roughing heavy workpieces on powerful and rigid 
machines 

B  Time Judies of production methods 

Although numerical control is going to reduce the 
Mgmficance of tirru-studies   because handling time de- 

pends upon the commands given the machine b> the 
tape such studies will be required for many yeu.> to 
come in a great number of machine shops. 

Productivity charts are also useful for time-studies, 
as in the case of mass production on a 2.5-hp automatic 
screw machine(see fig. 13), turning 1-inch brass bar stock. 
By following the 2.5-hp line from right to left, one obtains, 
for each point, a different combination of feed, speed, 
cutting time etc. The cutting speed increases, while the 
chiparea (and therefore the feed)decreases, as is indicated 
in table 6. 

Table 6 
MACHINING DATA FROM PRODUCTIVITY CHART FOR 

MACHINING BRASS: SCREW MACHINE" 

Pninl 

a 
b 

Chip area 
( -square 

0.0040 
0.0020 
0.00064 

( uttinn Wed 
{leet per 
minute) 

225 
375 
900 

Tool ni'r Tool 

60     High-speed steel 
2,000     Carbide 
1,000      Carbide 

• Sec figure 13 

Which combination of feed and speed will be the most 
favourable in practice? Note point "c" and the two arrows 
shown. One arrow is placed horizontally on the 900 ft/min 
cutting-speed line, the other one vertically on the 0.0064 
chip-area line. 

The time-study engineer usually assumes a teed rate 
that he thinks will produce a satisfactory surface finish. 
The assumption is 0.0051 in. rev and ¿-inch depth of cut, 
giving a chip area of 0.00064. Point V in figure 13 
shows that a tool life of 1.000 minutes would be obtained, 
which is not sufficient, in view of the considerable down- 
time involved in changing tools, particularly, as here, in 
the case of mass production and short runs per piece. 

The time-study engineer decides that 3,000 minutes of 
tool life are desirable for optimum manufacturing condi- 
tions. He consults the chart and sees that at least two 
answers exist for obtaining 3.000 minutes of tool life. 
By following the horizontal arrow at point "c , he finds 
that the desired tool life of 3.000 minutes can be obtained 
by reducing the chip area to 0.00047 square inches, which 
corresponds to a feed of 0.0038 in. rev and a depth of cut 
of k inch. The cutting time for a I-inch length of cut 
would be 4.6 seconds, as against 3.42 seconds, for point 
"c" and 1.000 minutes of tool life. 

By following the vertical arrow from point "c' down 
to the 3,000-minute tool-life line, the time-study engineer 
finds that the desired too! life can also be obtained by 
reducing the speed to 740 ft mm. This value is adopted 
because the cutting time is 4 I '• seconds per l-tnch length ; 
hence, it is less than the 4.6 seconds for ?,000 minutcsof 
tool life, although more than the 3.42 seconds for 1,0W 
minutes of tool life. The culling times are computed 

from : 
L   t    D   n   60       w (EqUation II 3) 

' 12. A . i' 

where L length of cut ( I inch); / depth of cut ( =- i 
inch); D diameter ( I inch); A chip area (vari- 
able); and v     cutting speed (variable). 

L 
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.0002 .0004 .001 .002 .004 
Figure 13 

PRODUCTIVITY   CHART   FOR   MACHINING  BRASS:  SCREW   MACHINE 

Charts like those discussed above can also be used by 
a skilled machine operator. If the operator is not able to 
read a technical chart, he can be furnished with tables 
prepared from the charts. 

C. Service life 

The design trend in machine tools is not only affected 
by the increase in productivity, horsepower and metal- 
removal rates, but also by the service life of new machines 
in comparison with older designs. 

The service life often influences management decisions 
as to whether to buy a new machine o- tí) replace an 
older one. Service life is, on the one hand, tied to such 
design features as rigidity, wear resistance and absence 
of vibration; and, on the other, to financial considera- 
tions. For many years, industry has been using the 
MAPI formulae for determining whether a new design of 
machine tool would improve production. The follow- 
ing somewhat simplified equation shows the adverse 
minimum <</), acquisition cost of a new machine (<•) and 
interest rale (/) in relation to the service life of a new 
machine (n). The adverse minimum is the time-adjusted 
annual average of operating inferiority and capital cost 
obtainable from the equipment in question: 

In     I 
1.4 n- 

(Equation 11-4) 

It will be seen that the service life (n) is a dominant factor 
for comparing two machine tools with regard to their 
economical productivity and profitability. 

Assuming the same acquisition cost of 133,000 for two 
new machines and service lives of fifteen years and nine 
years, respectively, the cost of running the machines, 
when the interest rate is 5 per cent, would be: 

Fifteen years* service life: ds 

29 225)     $5,478 
Nine years' service life, d, 

1781)     18,118 

33.000(0.05/1.4 

33,000 (0.05/T.4 

Hence, purely as a result of the difference in service life 
of six years, the annual savings would be 18.118 $5,478 ^ 
S2.640, when the machine with the better service life is 
purchased. Over a period of nine years, the savinp would 
be nearly S23.0OO. The better quality machine could even 
cost more and still be more profitable than the one with 
the shorter service life. At a cost of $40.000 for the 
machine with the long service life, the savings would 
amount to $13,250 over a period of nine years. The trend 



Trend« in the DeMftn "f VMalworking Machiner» and in Product kwi Methods :xi 

towards improving the quality is thus nut only justified 
bv engineering considerations of increased production, 
hut also by economics 

D. Iktlt'i lion umier load 

Deflection of a machine tool under load is a measure 
of the rigidity of the machine This deflection, however. 
is much more complex than the deflection of a bar on a 
test stand. Deflection in a machine tool is complex 
because an assembled machine is composed of many 
parts with different fits. It is the deflection between the 
workpiece and the tool that is of prime importance 
because of its effect on the geometrical accuracy and on 
the surface finish of the workpiece, as well as on vibra- 
tion and thus on service life and tool wear. 

On a lathe, this deflection is a composite of the deflec- 
tions of bed, headstock, carriage elc. With radial drills, 
lifting of the arm is caused by the cutting force and may 
lead to broken drills, inaccurate holes and uneconomical 
down-time. 

On a hoiizontal milling machine, the most important 
deflection occurs between table and arbor. Asa result of 
numerous tests to determine the relationship between load 
and deflection, it has been found that a hysteresis curve 
applies, as is shown in figure 14. 

Figure 14 

"Pi SH-PILL"  DEFLECTION Of AN ASSEMBLED MACHINE 

The dotted line from the centre to point A is obtained 
when applying a load gradually pushing apart the tool and 
the work. Upon release of the load, the test indicator hand 
does not return to zero; it stops at point B. Reversing 
the direction of the load by pulling together the work 
and the tool results in a motion from B to C. When this 
load is released, the indicator h3nd does not go back to 
/ero defletti >n. but stops at point D. If the tool and work- 
piece arc again pushed apart with the same amount of 
applied load, the load-deflection curve will go again to 
point A, but it will travel by the D-D -A path. This cycle 
can be repeated many times. 

On the hysteresis loop, the straight portions B-B' and 
1)1) are of particular interest. They indicate the motion 
ot assembled parts, not deflection. A load of only a few 
pounds is sufficient to impart a sizeable motion to the 

K 

parts of the machine This load need only be large enough 
to overcome friction between the assembled parts. This 
friction must be overcome by a load in the reverse direc- 
tion st) that the displacement of the parts becomes zero 
and the indicator hand thus stops at zero deflection. 
Backlash in gearings accounts for a large part of the 
motion between assembled parts as the load direction 
changes, indicated bv the straight portions, B-B and 
D-D 

In the case of true deflection, energy is stored in the 
deflected part. This energy returns a deflected part to its 
original state upon release of the load, without any addi- 
tional outside load, except an insignificant loss caused by 
internal friction. It is sometimes difficult to determine 
which portion of a loop is due to deflection and which to 
motion, since the straight portions of the loop, which are 
not aiways as distinct as those shown on figure 14, may be 
slightly curved. 

The hysteresis loop is also a measure of damping in 
the assembled machine parts. In the case of vibration, 
such load cycles occur, but at rates that cannot he simu- 
lated by push-pull tests. 

E. Rigidity 

Rigidity of a machine tool may be defined as the ratio 
of load to deflection. It is easiest to use 1/1,000 of an inch 
as the reference deflection in determining rigidity. Hence, 
the load in pounds that deflects a machine part 1/1,000 of 
an inch represents its rigidity. 

On a broaching machine, the rigidity between the 
column face and the broach tool was found to be 1,000 
lb per 0.025 inch of deflection, which is equivalent to a 
rigidity factor of 1,000/2.5 400 lb/0.001 in. The load 
was applied parallel to ine column face in order to simu- 
late the vertical cutting-force component on a broaching 
tool with a shear. The rigidity of the work-table in 
relation to the tool was substantially less, namely, 212 
lb/0.001 in. 1,-i desirable rigidity depends, of course, 
upon the type of work being broached. When broaching 
a complex contour, such as those on some vending- 
machine parts, a higher rigidity is required than is the 
case when broaching flat surfaces. 

The effect of milling-machine gib tightness on rigidity 
can also be seen from test data. With tight gibs the hys- 
teresis loop does not have any straight portions and the 
branches curved to the right and the left join each other. 
Deflection under load was 0.0003 inches per 1,000-lb 
load, corresponding to a rigidity factor of about 3,300 lb/ 
0.001 in. Turning the set screws loose by two turns, as 
recommended by the manufacturer, reduced the rigidity 
to about one-fourth, namely, to 835 lb/0.001 in. Loosen- 
ing another turn reduced the rigidity to 330 lb/0.001 in. 

On a horizontal milling machine, the knee deflection 
was 0.0037 inch when a load of 1,000 lb was applied. The 
rigidity was thus 270 lb/0.001 in. when feeding to the left. 
When feeding to the right, however, the rigidity was only 
90 lb/0.001 in. Inspection of the machine showed that 
when feeding to the left the load was directed against a 
solid dovetail. When feeding to the right, it acted against 
an inserted dovetail. By replacing the screws of the 
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inserted dovetail with tightly fitted dowel pins, the rigidity 
was increased to about 200 lb/0.001 in. 

Figure 15 shows the increase in rigidity of vertical 
boring mills. By changing the moments of inertia and, 
hence, the mass distribution (see figs. 16 and 17) of the 
cross-rail and of other members of the machines, it was 
possible to strengthen the new design considerably. 

Figure IS 

PRELIMINARY RESULTS OF COMPARATIVE RIGIDITY TESTS: 
NEW versus OLD ¿6-INCH VERTICAL BORING MILLS 

Measuring the rigk'ity of the turret versus the column 
showed that the new machine was 75 per cent stronger. 
The rigidity of the turret versus the ram increased 111 
per cent and that of the ram versus the column, 40 per 
cent. 

Recently, in a similar investigation in France, the 
rigidity of a vertical boring mill was increased by chang- 
ing the design and using a J-shaped arm, rather than 
modifying the mass distribution. 

In precision lathes for the aircraft and space industries, 
very close tolerances must be met for the crosswise slope 
of the carriage when travelling on the bed. This requires 
great care in the design and production of such lathes. A 
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Figure 16 

DEFLECTION or OLD TYPE OF CROSS-RAIL: 36-INCH VTL 

combination of a cast-iron bed and a welded-steel bas« 
brought satisfactory results after several modifications of 
the o iginal concept were made. These modifications 
were based on the results of a series of tests. Figure 18 
shows this combination of bed and base, and the instru- 
ments which were used in the initial stage of investigation 
of the torsional rigidity. More elaborate equipment was 
subsequently used, after the range of measurements had 
been determined from the preliminary data obtained with 
the inexpensive set-up shown. The torque was simulated 
by placing varying weights on the long arms, and it 
considerably exceeded the torque actually expected. 

Angular displacement of bed and tool causes oversized 
workpieces like those illustrated by the sketches in figure 
19. Horizontal displacement is considerably more severe 
than vertical displacement, as is indicated by the two 
formulae shown in figure 19. Their ratio follows: 

"i 

"2 

Ih.U 
h2 

4d 
h 

(Equation II-5) 
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DEFLECTION of Ntw TY« or CROSS-RAIL: 36-INCH VTL 

Hence, for a work diameter of 1 inch and a permissible 
displacement of h = 0.0001 inch: 

«,/M2 = 10,000 : 1 (Equation 11-6) 

That is, a horizontal displacement between toot and 
work has 10,000 times more effect on the oversize of the 
workpiece than does a vertical displacement of the same 
amount. This ratio increases with increasing diameter 
and decreasing displacement (h). 

The example indicates, furthermore, that a vertical 
bow in the bed is lest significant in its effect on the over- 
size of the workpiece than is a horizontal bow. Hence, 
the straightness of a lathe bed in the horizontal plane is 
important. 

Measurements of angular defections of the bed and 
the base, and of the bed bolted to the base, are listed in 
table 7. The results are expressed in the degree of twist 

per 10-inch length and for a torque of 10,000 in.-lb. The 
torsional rigidity ratio in column 3 of table 7 is obtained 
by assigning a value of unity (1.0) to the bed and base 
combination and dividing the corresponding angular 
deflections. 

Table 7 

COMPARISON or ANGULAR RIGIDITY 

Structure Degne of irei» fer 10-inch 
lenti* ff lOftOO mck-pnmoh 

fed f base 
only 

only 

0002SÎ 
0.00600 
002180 

Hehttirt rilkklr 

1.00 
042 
0.116 

It will be seen from tabic 7 that the steel base is tor- 
sionatry more than 3. S times as strong as the cast-iron 
bed (0.42/0.116= 3.6). The base strengthens the bed 
considerably, increasing the torsional rigidity by a ratio 
of 10/0.116 = 8.6. The bed, on the other hand, strength- 
ens the bate also, although to a lesser degree, namely, 
at a ratio of 1.0/0.42 = 2.4. 

1 ne great strengthening effect of the steel base is due 
to the fact that the material could be so distributed as to 
give a high moment of inertia. This is not as easily achieved 
with cast-iron designs, due to the core openings which 
reduce torsional rigidity considerably, while welded 
designs permit closed-box sections. The trend is, there- 
fore, in the direction of increasing application of welded 
designs, often combined with cast-iron parts where 
desirable. 

Figure 20 shows the deflection of heavy lathes when 
under axial loads, and figure 21 shows the deflection for 
radial loads. Axial deflections occur on lathes when the 
centres, holding the workpiece, are too tight and abo 
when the heat causes elongation of the workpiece. In 
tropical countries, such deformation may also occur 
when a lathe is too much exposed to the sun. The beds 
warp upwards, and headstock and tailstock get out of 
alignment. The beds return to the original alignment 
upon release of the centre load and upon cooling. They 
may even take the shape shown in the lower part of figure 
20 (pull load) when the work pieces or the cutting forces 
are too large and the rigidity is too low. 

The radial cutting force may deform a weak bed, as is 
shown on figure 21 .This is particularly undesirable because 
this type of deflection and the corresponding vibration 
causes oversize of the workpiece and undulated surfaces. 

Another example of the trend towards finding the 
weak spots in machine tools and improving their rigidity 
is given in figure 22. Applying a vertical load at point "a" 
over the front wings of a lathe carriage or at point "b", 
outside the guideway of the front wings, it was found 
that the rear wings bulged upwards, as sketched in the 
lower part of figure 22. The design was subsequently 
changed, strengthening the cross-section of the winp at 
the centre line of the bridge. 

In another series of tests, strain gauges were attached 
at the four radii marked a, b, c, and d on figure 22 and 
also shown at "A" on figure 23. Moving th« carriage to 
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the left (i.e.. towards the lailstock) showed that the rear 
wings were trailing the front wings, deflecting the bridge, 
as sketched, and hence the tool also. I .'Her oscillating 
cutting forces, the bridge would swing in this way and 
would produce the well-known vbr.ilion patterns on the 
workpieces. I his type of vibration has received little 
attention so far. 

The rigidity of machine-tool spindles has been investi- 
gated in the federal Republic of Germany, where 
attention is being given to the behaviour of spindles 
supported in two hearings Upon converting these rigidity 

present author's investigations of the rigidity of spindles 
with three supports have been published previously (6). 
The rigidity of jog borers and other precision machine 
tools depends upon the number and location of the 
points of support In the USSR, the angle of deflection 
of a |og borer supported at three points was taken as 
reference (7v Through the addition of four support 
points, the rigidity of the m. .nine could be increased by 
67 per cent Best results, however, were obtained when 
a jig borer was supported at two points at the front of 
the base and at one point at the rear With this set-up. the 

Figure IS 

CAST-IRON BID AND WHDH>SHH. BAST, ANO INSTRUMENTS ism IN INITIAL TESTS ot IORSIONAI. RHIIDUV OI 

PRECISION LA I HKS 

data from the metric system, it may be seen lhat rigidities 
as high as 4.(XX) Ih per 0 001 inch can be obtained on a 
test stand, i.e.. when the spindle is tested outside the 
lathe and is supported on wedges. In view of the fact 
that bearings do not act like wedges, the rigidity of 
spindles built into the machine is less than those outside. 
Satisfactory rigidity values lie between 1.500 and 2,500 lb 
perO.OOl inch for a lathe of 10-inch swing. 

In the United States of America, machine-tool spindles 
are often supported in three bearings, and the trend is in 
this direction in order to increase the spindle rigidity. 
Three-bearing support requires, of course, a careful 
alignment in order to avoid permanent deformation of 
the spindle, The alignment depends upon the bores in 
the headstix.k. they must be machined with care on a 
precision lathe or horizontal boring mill. Details of the 

rigidity increased 180 per cent. More than three points 
make a rigid system statically indeterminate. 

As an example of a method for obtaining high rigidity 
of the frame of multiple-spindle automatics, figure 24 
shows a unit built by the New Britain Machine Tool 
Company. Headstock, base and pan are cast integrally. 

The trend towards increasing the rigidity of machine 
tools is further indicated by the advent of hydrostatic 
and hydrodynamic bearings, by duplex walls, by mounts 
and by similar advances in the design. 

K Vibra I ion 

Attempts to combat vibration are closely linked to the 
efforts to increase the rigidity of machine tools. In the 
case of vibration, however, consideration must be given 
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to the damping capacity of the design and of the materials 
involved. During the past ten to twenty years, great efforts 
have been made throughout the world to find the rela- 
tionships between the numerous factors that affect vibra- 

n in machine tools, although the significance of the 
»blems had been recognized for many more years (6). 

' order to reduce the number of factors, a serrated bar 
•s used as a vibration exciter, thus eliminating the 

ifects of dulling of the tools, chip formation, hard spots 
i the maierial and the like, which are difficult to control 
nd to evaluate in the case of exciting vibration under 

ictual cutting conditions. Subsequently, other exciters, 
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such as electric and magnetic fields, were used. In the 
case of the serrated bar. the direction of the exciting fore« 
could be so directed as to simulate the direction of the 
main cutting force. 

In this way, the effect of mounting a carriage on two 
different designs of lathe beds could be studied, and 
improvements in vibration performance could be ob- 
tained. Figure 25 shows the results. The shaded areas 
indicate the improvement obtained by the new design. 
It will be seen that the intensity of vibration, measured 
with strain gauges, exceeded the admissible value of 40- 
millionth of an inch per inch for almost all spindle 
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except the low«« ones of leu than IK) rpm. in 
the new design, the intensity of vibration » weil below 
tn» value, except in the are« between 300 and 310 rpm. 

Figure 26 »how* the enlarged surface with vibration 
mark» of a workpiece routing in the vertical direction of 
the paper The change in the pattern from an inverted 
"v" at the right side to slightly slanted vertical lines at 
the left is owing io the stiffening effect of the chuck 
which the tool approached when travelling towards it. 
In this vane, long »lender bars had to be machined with- 
out the help of steady rests Vibration was generated 
by the resilience in the compound rest for the tool, which 
was. however, reduced by the resístame offered by the 
chuck and by the shtwter distance between tool and drive 
gears \lter changing the design of the compound rest, 
vibration WJS reduced  although not entirely eliminated 

The vertical bending vibration i> considerably less 
when the machine is supported bv wedges than when it 
is mounted on rubber I he bending vibration in the 
hori/ >ntal plane, which is. in this writer's opinion, often 
more important than vertical vibration, follows the same 
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trend. That is, it is better reduced by wedges than by 
rubber. These findings will be useful in the design of 
mounts and other support means. 

While it has been customary to improve the design of 
machine tools on the basis of practical experience and 
customers' reactions to existing models, the trend is now 
shifting towards a more scientific approach based on 
thoroughly conducted research. The result» are finding 
their way into the engineering offices more readily now 
than ever before. 

The change in the bed design may serve as an example. 
The so-called "/ig-/ag" or "Peter" system of ribbing 
lathe bed has been used in lurope for many years, but it 
is being increasingly discarded, due to new findings in 
the federal Republic of (jetmany (8). This bed design 
was never popular in the I nited States of America. The 
/ig/ag gtrth has great torsional rigidity (sec Fig. 27), but 
it is lacking in horizontal rigidity in comparison with 
other ribbing designs It may thus tend to produce over- 
size witrkpieces Mso. it doc* not permit a free chip 
disposal   rather, they accumulate on the top of the ribs 
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and heat up the bed, which is undesirable from the 
standpoint of accuracy. The new German design has 50 
per tent more chip space and a built-in vibration damper. 
The built-in damper consists of the core sand, which is 
deliberately left in the cavities of the bed and is covered 
with metal plates u retain the sand at the desired places. 

The three-bearing spindle design has already been 
mentioned in conjunction with the rigidity considerations. 

It is now being used in European machine tools also, 
due to findings that the tail bearing acts as a vibration 
damper. The pre-loaded front and middle bearings take 
the load, while the tail bearing provides, in addition 
to damping, support for the belt arive. The tailstock 
spindles of European machine tools are made more 
rigid and the overhang of the headstock centres 
is reduced. 

Qtformtti»n in section AA 

'i rigar«i ¡U: »ilústrate* the deflKtionof rear wm§» »hen v»rtK«l loads are applied over from »Near (at "a") of outside uf front shear (at "b") and when the ends of 
*in#s an held down .imulattn« the eJtee« of a rear fib The —. - . - contour tees show the deformation of the brider under dynamic testing (arotsiy «asaerated), 
»ffermg a* approach for esplorine some types of machine-tool vibration. 

Figtire 22—CARRIAGE DEFLECTION TESTS 
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. igure 2J 
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Due to the fact that various types of vibrations 
forced vibrations, sell-induced vibrations etc. occur in 
metal cutting, it is essential to find nui. in every case of 
vibrational trnuble. which type is predominant. In the 
author's experience with vibration in machine tools, it 
was found that many lathes, grinding machines, milling 
machines etc. have natural frequencies in the area of 
approximately 20 cps ± 20 per cent. It is thus essential to 
avoid motors and gear drives that may come into reson- 
ance with the natural frequencies mentioned   Often, it 

is advisable lo separate motor and machine ; in other cases, 
it is sufficient to balance the motor, while in still other 
cases, it is necessary to eliminate shaft speeds in the 
gearing running in the indicated area of natural fre- 
quencies. 

It is considerably more difficult to reduce or eliminate 
self-induced vibration than forced vibrations because 
their origin often cannot be located. Sometimes it i' 
advisable to modify the cutting conditions, that is, it 
cases where the rigidity and the damping capacity of í 
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Figure 24 

RIGID BED DESIGN 

given machine cannot readily be changed. Such modifi- 
cations include changes in speed, feed, tool geometry, 
coolants etc. 

Reversing the direction of work rotation on a lathe 
has often eliminated or reduced vibration and thus im- 
proved production techniques. Figure 28 illustrates these 

l_ 
Frequ«nc|r  of  impond   vibrüiín (tytl« ptr ncond) 

:0 <0        10 «0        100        120        K0       160 
•I "-T-1 + '     I      ' 

100 200 300 400 100 
Spindl«   spefd  ( revolutions   ptr mtnuU) 

1(0 
1  

Figure 25 

CARRIAGE VIBRATION 

mprovements, expressed in reduction in amplitude of 
ibration. They are very substantial in both the hori- 

zontal and the vertical planes. As an example, consider 
the case of 97 rpm, where vibration amplitudes at the 

front bearing were measured. They were 0.000,030 inch 
when the machine was rotating in the normal direction, 
but dropped to 0.000,010 inch upon reversal of the 
spindle rotation and placing the tool at the rear side of 
the carriage. This is a reduction of 95 per cent. Similar 
improvements were realized in almost all cases, except 
when running at 97 rpm and measuring the amplitude at 
the rear bearing in a horizontal plane. A number of over- 
lapping conditions contribute to these results, among 
them a change in the damping due to the reversal of the 
direction of the main cutting force. The reversed rotation 
does not tend to lift the workpiece, but pushes it down ; 
similar considerations apply to the forces at the drive 
gears and at the tool-holder and to the mass distribution 
in the carriage and other machine parts. 

The damping capacity of cast iron is generally assumed 
to be greater than that of steel. This holds true in many 
cases, namely, when the same stress is applied to these 
materials. As an example, if the damping capacity for 
cast iron is 0.28 in.-lb/cu. in./cycle at a stress of i 6,000 
psi, it would only be 0.08 for steel at a vibratory stress 
of the same magnitude. However, by increasing the stress 
in steel to 9,000 psi the damping capacity would be 
raised to the same level as that of cast-iron at 6.000 psi. 
Hence, in order to obtain satisfactory damping in steel 
designs, it is necessary to increase the stress. This means 
using thinner walls in a steel structure than are used in a 
cast-iron structure. Duplication of cast-iron dimensions 
in steel must be avoided in machine tools, where it is not 
the rupture strength of the material that counts, but the 
deflection or rigidity. Reduced wall thickness means also 
less weight, which is often desirable because of the 
increase in natural frequency of a structure. 
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The following practical rules for vibration control in 
machine-tool design are recommended: (a) design for 
rigidity; (/>) develop high damping capacity; and (c) 
design for light weight and high natural frequency (9). 
These rules have been effectively applied in the design of 
hases for internal grinding machines (see fig. 29). The 

Horizontal 
deflections 

ft 

2   t   3 2r »» 
bed 

/bed 

Vertical 
deflections 

-~r 

ti±mm 

~t 

Torsional 
deflections 

-i_L 

1   3 2r|> 
bed 

»g-xaa 
European style 

Jr.   i 

M 

1    3 2r5* 
bed 

ribbing i 

too 

300 

200 

100 
90 

SO   | 
o 
2 

figure 27—COMPARISON OF HORIZONTAL, VERTICAL AND 

T0RSK)NALDEFLHTK)NS(I>EFLKTK)N0FI»ED2   = 100) 

.entre portion, comprising plates "a", "b" and "c", and 
bottom "d", was designed as a closed-box section—the 
ame as the rest of the base—for high torsional rigidity 
md also to establish a node of vibration at the centre. 

« ross-walls and internal walls were made of 3/16-inch 
^eet steel and the outside walis of J-inch gauge. The 
entire base has no openings except for a tube connexion, 
•i feature which contributes to high rigidity. 

In internal grinders, vertical rigidity is more important 
than rigidity in other planes because misalignment in the 
vertical planes has the greatest effect on workpiece accur- 
acy. For this reason, walls "e" were placed vertically and 
were designed in a V-shape. The open ends of the V's 
contribute also to horizontal rigidity. Cross-walls "f" and 
"g" were run to the V-shaped walls in order to eliminate 
local "drum" effects and to increase the damping capacity 
by increasing the stress. The sequence of welding is shown 
on figure 29 by circled numbers. 

Vibrations in vertical boring mills are largely influ- 
enced by the rigidity of the ram and cross-rail. This was 
confirmed by investigations in the Soviet Union (10). 
The ram and the tool with it vibrate in two directions, 
namely, perpendicular and parallel to the cross-rail. The 
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ram itself contributes 80 per cent of this type of vibration, 
with the balance coming from the rail. In other cases 
particularly when the rigidity of the crow-rail is low 
the vibration of the tool is contrôliez by the oscillations 
of the cross-rail. 

In the United Kingdom, vibration investigations on 
milling machines confirmed findings in the United 
Sutes of America (II) o:i the initial impact of cutter 
and work, and the significance of placing the face mill, 
in relation to the workpiece, in such a position that the 

**« 

G Accttnt y, mrfmc* /üHMA mtd thermal ¿tumorn 
Ivery skilled machine-tool operator n weil aware «f 

the fact that his machine perform» differently IN the 
morning and in the afternoon, rendering it MCMMU-V 
to reset the tool« and adfust $<' % often, and to »»fed in* 
dimensions of his workpwees carefully 

His experience* are due «<> thermal e«p»nw<w, *htv» 
affects production particularly in so far a* accuracy mué 
surface finish are concerned Scrap n often the conaa- 
quence of neglecting the effect* of thermal distort ton 
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tip of the cutting edge does not enter first. In this way, 
production increases can be obtained because of reduced 
breakdown of the cutting e^ge. Supplementing these 
findings, investigations were also undertaken in the 
Federal Republic of Germany (12), as illustrated in 
figure 30. In the case of a long time (0.2 milliseconds) of 
engagement of cutter and work (see fig. 30A), the vibra- 
tion due to impact is small. In the case of a short time 
(0.027 milliseconds) of engagement isee fig. JOB), the 
amplitudes of vibration are considerably heavier, causing 
rapid breakdown and production delay. These production 
troubles can be avoided by the proper positioning of 
work and tool, which is particularly important when 
machining aircraft materials with carbide or ceramic 
inserts in face milling-cutters. 

This applies to those countries in which high accuracy it 
required in the aircraft and spacecraft industrie« and 
also to developing countries located in climates where 
considerable temperature variations may take place 
during a short time period without the benefit of air- 
conditioned workshops. 

The largest temperature differentials and distortions 
usually occur during the first two hours of warm-up. 
Thermal expansion is going to have increasing signifi- 
cance with the increase in spindle speeds. Although auto- 
matic inspection processes or control of workpieces may 
minimize the scrap due to thermal expansion, it is most 
important to know how a production machine reacts to 
changes in temperature. 

In  tests  for  thermal  distortion,  temperature rise 



293 
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The temperature increased 30 F during a seven-hour 
period, resulting in an ultimate vertical expansion of 
0004 inch The hearing design was changed, as was the 
supply «system for the lubricant, reducing the amount of 
<wl Aiming to the hearings. It was found that too generous 
a supply of lubricant caused the bearing to heat because 
the oil was churning at high spindle speeds and lost its 
effectiveness After these improvements were made, the 
temperature rise after seven hours was only 6° F, with 
an ultimate expansion of 0.0006 inch. The dip in the 

B 

milistconds 
Figure» 

COMPARISON OF AMPLITUDES or VIBRATION ACCORDING TO TIME or ENGAGEMENT OF CUTTER AND WORK 

column cause» an upward movement of the head and 
spindle carrier. Heat generated in the spindle carrier 
itself causes the spindle to move down. These movements 
balance each other to some extent, but they do not 
necessarily occur at the same time. The spindle may rise 
slowly and then drop again until a condition is reached 
where only the spindle rises. This irregular rise usually 
occurs during the first two hours of operation of a 
vertical milling machine. In addition, there is an outward 
movement of the spindle carrier. 

With horizontal milling machines, the spindle-table 
movement is more uniform; in most cases, it only rises. 

Figure 31 gives an example of the temperature rise 
(upper portion of lower section) and the corresponding 
vertical expansion between table and spindle (lower 
portion of lower section) of a vertical milling machine 
running at 450 rpm. The curves indicate the conditions 
before and after improvement of the machine design, 
and of servicing it. 

vertical expansion during the first two hours was even 
more pronounced after the improvements than before 
they were made. This is clearly indicated by the two lower 
curves. The reductions in temperature rise and in expan- 
sion were about 80 per cent. 

In horizontal boring mills, even more complex condi- 
tions prevail. The machines bore more accurate holes 
when they are cold. To avoid vibration, however, a warm- 
up period is desirable. The main reason for these contra- 
dictory performances was found to be in the spindle- 
carrier assembly. The lubrication of the cold machine 
was insufficient, resulting in metal-to-metal contact in 
the anti-friction bearings. This condition resulted in self- 
induced vibration. After warm-up, no substantial metal- 
to-metal contact existed and the self-induced vibrations 
vanished. However, the hole accuracy was then poor. 
This could be traced to the spindle rise and the thermal 
expansion of the housing. In order to remedy this situa- 
tion, the oil inlet system was redesigned to permit oiling 
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of the rollers during the warm-up period, eliminating 
vibration. The oil supply was simultaneously decreased 
to reduce the thermal expansion and thus to improve the 
working accuracy of the respective lypes of horizontal 
boring mills. 

Vertical milling machine (450 revolutions per minute) 
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Figure 31 

THERMAL EXPANSION OF VERTICAL MILLING MACHINE 
BEFORE AND AFTER IMPROVEMENTS 

The heat developed by drive motors and pumps, which 
are often located in the base of machine tools, is another 
source of thermal expansion and corresponding deforma- 
tion of the structures. To find remedies for these condi- 
tions, research was carried out using electric heaters 
placed in the motor compartment in order to simulate 
heating of the base under temperature-controlled circum- 
stances. Figure 32 shows an example of the results. The 
front wall of the machine rose, while the rear wall drop- 
ped. This effect indicates that the heat generated in the 
drive compartment is equivalent to a torque applied in 

Max Kroneftúerg 

the opposite direction to the torque caused by the cutting 
force. Thus, in this case, the heat had an acceptable effect 
of compensating the cutting torque. It depends upon the 
wall thickness of the base, the location of louvers and 
the cut-outs whether the front or the rear rises more and 
in what direction. In the discussed case, the front rose 
more than the rear dropped. This could be improved 
and equalized by making the wall thickness at front and 
rear somewhat different. 

On planers, the room-temperature variations affect the 
table temperature more than the bed temperature. Thus, 
tne table expands more than the bed, a situation which is 
aggravated by the fact that the hot chips pile up on the 
table, heating it still more. When the width of the table 
increases as a result of thermal expansion, the table 
tends to climb out of the guideways, pushing against the 
outer walls of the Vs. This tilts the table sideways and, 
with it. the workpiece changes its position in relation to 
the tool, causing inaccurate machining. Although the oil 
film tends to compensate for the table tilt, the stability 
of the table decreases with increasing temperature. 
Research is still under way in order to find out whether 
planers with a single V or with duplex V guideways will 
permit greater accuracy. The increase in table speeds 
for planers will have a considerable effect on the problems 
and the trend of future designs. 

5 10 15 
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Figure 32 

TWISTING OF BASE DUE TO HEAT IN VARIATOR COMPART- 

MENT,   MEASURED HALF-WAY  BETWEEN  HEADSTOCK  AND 
TAILSTOCK LEVELLING PADS 

(INITIAL TEMPERATURE =75°F) 

H. Acceptance tests for accuracy of machine tools 

The current situation in newly industrializing countries 
is reminiscent of the situation which prevailed nearly 
forty-five years ago, when the build-up of the industry in 
the USSR was initiated by purchasing machine tools from 
several industrialized countries. At that time, in con- 
junction with the need for examining numerous machine 
tools, the Schlesinger Acceptance Tests were developed, 
with the participation of the author. 

Much can be learned from past experience and from 
an analysis of a few examples of the original Schlesinger 
data and a comparison of them with later modifications. 
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The requirements of countries which are currently 
developing may have a similar bearing on future trends 
of a significant sector of machine-tool development and 
design. 

From the numerous accuracy data which comprise the 
Schlesinger tests, seven requirements have been selected 
for preliminary analysis and comparison. These require- 
ments are listed in table 8, which covers data of the Schles- 
inger tests and of acceptance tests used in the United 
States of America, and data used by the Government of 
India. 

I. Surface finish 
While it may not be necessary to measure to one- 

millionth of an inch in many cases, the trend towards 
measuring to 50 Angström units is gaining momentum 
in the spacecraft industries. This dimension is approxi- 
mately one-fifth of a millionth of an inch. 

Similarly, the demand for better methods of producing 
and measuring a surface finish of high accuracy is in- 
creasing. The difficulties involved are related to the fact 
that surface-finish designations in micro-inches may 
signify different dimensional deviations in Europe and 

Table 8 

COMPARISON OF SEVEN ACCURACY REQUIREMENTS FOR ENGINE LATHES ABOVE 32-INCH 
SWING 

(MAXIMUM PERMISSIBLE DEVIATION IN 1/1000 INCH) 

Schlesinger  0.36 
National Machine Tool Builders 

Association  1.00 
India  0.40 

2 } 4 J A 7 

>       0.60 0.60 1.20 0.4 0.8 0.8 

)       0.60 0.75 1.00 0.5 0.8 1.0 
)       0.80 0.80 0.96 0.8 0.8 0.8 

1 — bed kvel, longitudinal ; 2 — run out of ipindk ; ) - cam action of îpindle ; 4 - vertical headntock alignment, 5 < 
horizontal tailstock alignment; 6  — lathe muM turn round, workpiecc chucked; T     croii-slide alignment 

The few examples given in table 8 show that the stan- 
dards for accuracy do not agree entirely. In some cases, 
the Indian standards are less demanding; in other cases, 
the reverse is true. All three standards are in agreement, 
however, on the requirement that a lathe must turn 
round within 0.0008 inch when the workpiece is 
chucked. 

All these data are based on idly running machines, i.e., 
without load. A trend which is pining strength is to 
include tests for accuracy under load. The obstacles, 
however, are great. On numerous occasions, suggestions 
have been made to include load tests, for instance, as 
early as 1933, by Salmon in France (13). Thus far, how- 
ever, such methods have not been adopted. Possibly an 
international organization could handle this situation, 
taking into consideration the requirements of the newly 
industrializing nations and the development in measuring 
instruments, some of which were not available when the 
first Schlesinger standards were prepared. 

Among these instruments there are autocollimation 
telescopes for determining the waviness of machine-tool 
beds, the parallelism of spindles, the tilting of clamping 
devices etc. Fundamentally, such telescopes are reversed 
alignment telescopes in which the ocular is replaced by 
an illumination attachment. They are accurate within 
48-millionths of an inch over a distance of 10 feet, which 
is about ten times better than the accuracy of conven- 
tional telescopes. While these instruments were de- 
veloped in the Federal Republic of Germany, a device 
was designed in the United Kingdom for continuous 
measurement of alignment errors with feed-back com- 
pensation. Photocells measure the deviation of a light 
beam travelling through an optical micrometer. 

in the United States of America. As an example, in the 
Federal Republic of Germany, the Rauhliefe (roughness 
valley) is taken to indicate surface finish; it is the value of 
the greatest depth of the surface in relation to the 
greatest peak. Such a system, it is claimed, represents 
values closely associated with the feed :md depth of cut 
taken on a machine tool and can readily be realized by 
the man in the shop. Another dimension used in the 
Federal Republic is Glaeltungxiiefe (smoothness depth), 
the distance of a reworked surface from the initial peaks. 
A good surface is indicated by a small value for this 
dimension. 

The wear resistance and strength of a surface arc 
determined in the Federal Republic of Germany by the 
portion of the profile which supports the load in the 
longitudinal direction of the ups and downs. In the 
United Kingdom and in the United States of America, 
the arithmetical mean of the roughness valleys is used. 
It involves a mathematical concept which is difficult to 
understand in the shop. Formerly, the root mean square 
was used, and it still is in many instances, in the United 
States of America. The arithmetical mean has the ad- 
vantage of a reduced scattering of data and permits the 
use of relatively simple measuring instruments. 

There is also a trend towards the adoption of a later 
European suggestion (14) for surface-finish standards, 
based on the so-called "envelope profile" (E-profile) 
instead of the older mean line (M-profile). Roughness 
and dimensional deviation, which a : often confused in 
the M-system, are clearer in the E-profile. This system 
has been incorporated into standards DIN 4760 and 4762 
of the Federal Republic of Germany; it has also been 
adopted in Denmark, Hungary. Italy and Switzerland. It 
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is claimed (hat production of accurate surfac- is simpli- 
fied by the U-system because the mean line can he 
determined nine times Caster than with the M-system 

Various methods have been developed for producing 
highly accurate surface>; for example, the so-called 
"superfinish" method employing high-frequency oscil- 
lation of the grinding stones Originally conceived by 
the automotive industry in the United States of America, 
this production method has been further advanced in the 
Federal Republic of Germany and in the Soviet Union 
Coating of metals, honing and lap, ing with automatic 

reflects the light »aves back into the sender. They are 
c< nvcrted into decimal dimensions by a computer (c) 
equipped with a read-out used by the operator to control 
the dimensioning. 

J. Alternative production methods 

The aduni of high-temperature alloys and of refrac- 
tory metals currently used in industry has led and is still 
leading to alternative production methods which vere 
unknown a number of years ago. These metals and alloys 
include beryllium, titanium, zirconium, hafnium, vana- 

Figure J.Í 

Ar (IRMI   POMTIOMM,   WITH   A   I.ASM  INTIMI HOMI IM 

transport of the workpieces indicate the trend in this 
area of manufacturing. 

Quality control has been advanced considerably by 
utilizing the so-called "laser principle" for accurate 
positioning and dimensioning of workpieces on horizontal 
boring mills. I igurc 33 shows the set-up on a machine 
built by Ciiddings & lewis. It consists of three parts 
and utilizes light waves radiated from a sender ("a" on 
fig. 33) for measuring movements of millionths of an 
inch of the table to which a reflector is attached (b). It 

dium. niobium «often called columbium in the United 
States of America), tantalum, chromium, tungsten and 
rhenium, among others. These metals are difficult to 
machine wiih conventional production methods, as »as 
previously mentioned in this paper. 

It was found that hot machining of steels ind alloys 
could be used to advantage and that substantial increases 
in cutting speeds and productivity were obtained by a 
proper co-ordination of heat, depth ol cut, tool geometry 
etc. (15) The cutting forces drop as much as 50 percent 
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Table 9 

SfRVEY OF ELECTRICAL METAL-REMOVAL TECHNIQUES 

Tool 
movements Fluid 

FDM    Electro discharge Electrode     Non- Non- Oldest method, producing cavi- 
maclnning rotating conductive    ties by spark 

ECM :  Electrochemical   Grinding      Rotating       Conductive     90",', chemical, 10",, mechanical 
mai. Inning wheel (electro-        surfacing 

lyte) 
ECM .: Electrochemical    Electrode      Non- Conductive    Producing holes 

machining rotating (electro- 
lyte) 

EUS     Ultrasonic Electrode      Oscillating     Non- High-frequency 
conductive 
with grit 

in some cases and vibration subsides. Mirror-like sur- 
faces are obtained. Some danger is involved in that the 
hot chips often escape from the machine in long stringy 
bands. It can, however, be expected that future develop- 
ments will eliminate this drawback and will also reduce 
the relatively high cost involved in heating the work- 
pie' :s. The technological advantages justify the trend. 

Ultra-high-speed cutting is another method—although 
one still in its infancy -for machining the newer metals. 
These metals are new only with regard to their use in 
industry, as many of them were discovered in the nine- 
teenth century. Using cutting speeds of up to 120,000 
ft min gave the best results as far as tool life was con- 
cerned. The design of machinery capable of delivering 
speeds of this magnitude for any length of time is like- 
wise an object of future development. The research 
results are satisfactory and need adaptation to workshop 
conditions. 

The most rapid development in recent years—in addi- 
tion to the trend in numerical control of machine tools— 
has occurred in th- area of electrical machining. Various 
systems have been developed since the original tests were 
made in the Soviet Union. Electrical machining has ex- 
panded so rapidly that some confusion exists as to the 
differences between the various methods. Table 9 gives 
some indication of the trend and the differences in this 
area of manufacturing. 

In addition to the above-listed electrical machining 
methods, which are the most important ones, several 
other electrical production techniques are coming up. 
Although the metal-removal capacity of electrical 
machining procedures is still very small in comparison 
with conventional machining, the advances already made 
are indicative of the trend. Among them there is electron- 
beam machining, used for producing tiny holes; the laser 
technique for the cutting and welding of sheet metal; 
electrochemical honing for the honing of holes, and 
electro-contact machining for turning, with a metal disc 
replacing the lathe tool. 

Other alternative production techniques include ex- 
plosive forming, magnetic forming, plasma machining 
and hydroformmg. A number of these alternative manu- 
facturing methods are still in the research stage, awaiting 
the development into production equipment fora rapidly 
xpanding technology. 
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