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INTRODUCTION

I am delighted that Professor Opitz has accepted our
invitation to present the opening address to this
Conference. As a scientist, researcher, teacher and
adviser to universities and industry Professor Opitz
needs no introduction. The laboratory which he
created after his appointment to the Chair of machine
tools and production technology at the Technical
University Achen in 1936, and which today is one of
the most, if not the most important laboratory of its
kind in the world, can speak louder and with more
emphasis than any words of mine could hope to
achieve.

There is practically no aspect in the academic and
industrial  field concerned with  production
engineering which has not in some way been
positively influenced by the work carried out in the
Aachen laboratory. His studies of tool wear and
machinability have resulted in the development of
new methods and materials. His research into high
speed grinding has led to considerable progress both
inside and outside Europe. His proposals for and
contributions to workpiece classification, part family
manufacture, group technology, computer-aided
design and NC programming languages have enhanced
the efficiency of many industrial organisations.

When last June Professor Opitz mentioned that the
1971 Aachen Kolloquium may be the last to take
place under his leadership our selfish interests made
us suddenly think of the fact that the 1971 Inter-
national Machine Tool Design and Research
Conference in Manchester may be the last which he
would attend when still in office at Aachen.

The organisers of our International Machine Tool
Design and Research Conferences owe a particular
debt of gratitude to Professor Opitz, because from
the first and very modest beginning until today he has
given us not only his wholehearted support, but also
his active participation to every one of the 12
conferences which took place between 1960 and
today. His positive contributions have enhanced the
value of the conferences and his moral support has
given great encouragement to the organisers.

I must mention in this connection that we in
Manchester are especially indebted to Professor Opitz
for his advice as external examiner in our post-
graduate courses which has strengthened the impact
on our young engineers who specialise in the field of
machine tools. I am also sure that the regular

exchange of staff between Aachen and Manchester
has been of benefit to all concerned.

During his long and distinguished career Professor
Opitz has been invited to carry out many duties
which not only brought honour to him but also great
benefit to those for whom they were performed.
Mention may be made of his two terms of office as
Rector of the Technical University Aachen, his
membership of many research committees and work-
ing groups at national and international level and in
particular his Presidency of the International Institute
of Production Engineering Research (CIRP). Univer-
sities and public bodies of many countries have
honoured him; the Universities of Louvain, Strath-
clyde and Cincinnati have conferred on him honorary
doctorates, and we are particularly proud that he also
accepted the honorary fellowship of UMIST. In
addition to this he has received many decorations
from engineering associations and governments.

Through the success of his work Professor Opitz
has proved that the needs of the machine tool manu-
facturing and user industry can be fully covered only
if the approach of a teaching and research unit is
geared towards its special problems rather than being
dictated by the requirements of a general engineering
discipline. We are aware of the fact that Universities
must play an ever increasing part in the development
of machine tool technology as well as production
engineering in this country. We know that this can be
done most efficiently only if the role of the
university, both in the line of research and teaching,
is backed by efforts to anticipate the needs of this
specialised field. Professor Opitz has proved that this
is possible if a committed and professional interest
exists across a diversity of the disciplines involved and
if work is planned and carried out in an independent
manner completely devoted to the needs of the
machine tool manufacturing and using industry.

We at UMIST have every intention of continuing
to work along this path on which regrettably we have
only been able to proceed at a relatively slow pace.
We have no doubt, however, that we shall succeed in
achieving the aims which we set ourselves and for the
purpese of which we are organising this conference. It
gives me great pleasure to ask Professor Opitz to
declare the 12th International Machine Tool Design
and Research Conference open.

F Koenigsberger



OPENING ADDRESS
Professor Dr-Ing, Dres hc, H. Opitz, Laboratorium fur Werkzeugmaschinen
und Betriebslehre der Technischen Hochschule Aachen, West Germany

Production engineering in industry will soon have to
undergo some considerable changes because in the
long run it will be impossible to adapt by conven-
tional means existing production plant and equip-
ment to future requirements. Forecasts for the year
2000 predict a nine-fold increase in turnover
compared with 1960; at the same time only a small
increase in population has been predicted for
industrial nations. With decreasing working hours this
situation leads to the necessity of increasing consider-
ably the required productivity per worker.

Moreover, it is known that the cycles of
innovation become shorter and shorter and only
those who will realise future developments in good
time and adjust themselves accordingly, will be able
to survive. It is also necessary to stress here the fact
that we do not aim at technical progress merely for
its own sake but that economic and social political
requirements demand a higher volume of production
at lower costs for the single product and with reduced
human effort. It is clear already today that these tasks
will only be solved in the near future by a much
wider application of electronic data processing equip-
ment in all fields of industrial organisation, as this
will no doubt become the foundation for the rational-
ization of the whole production process. The term
‘production process’ covers in this connection all
activities which are immediately concerned with the
manufacture of a new product from design and
production planning to complete manufacture.

The development of the necessary basic principles
on the one hand for the design of suitable manufac-
turing systems, on the other, for the provision of the
necessary hardware and software, will be a major task
of the machine tool industry in years to come. It will,
however, no longer be possible to carry out this task
within one industrial organisation, due to the actual
size of the companies in question.

The development of the last few decades has
shown that the path leading to success in research and
development has become more and more difficult.
The effort for each improvement increases corres-
pondingly to the concept of diminishing returns in
such a manner that, different from former times, even
a small step forward is only possible at very high
financial effort.

Taylor could achieve his pioneering successes,
when he developed high speed steel, without great
cost by using the production plant in his workshops
for his experiments. Today research and development
in the field of production engineering requires not
only highly qualified staff but also very costly plant
and equipment. The necessary means are so consider-
able that a single company can provide only part of it
at the most. The only way to success—this is an
unavoidable condition for survival in the markets of
tomorrow—is an all embracing co-ordination of all
efforts in the fields of research and development, in
which industry, universities and government depart-
ments work closely together and join in making avail-
able the required financial means.

These problems must be solved by co-operative
research because they are of a fundamental nature
and generate new solutions. When planning the neces-
sary work it is, however, important to guard against
too narrow a concept of ‘fundamental research’
purely for ideological reasons. With the increasing
complexity of the problems which have to be solved,
the boundaries between fundamental and applied
research become more fluid, especially in view of the
fact that the scientific methods are always the same.

Within the framework of such plans the single
company will have enough scope to adapt the jointly
found solutions to its specific requirements and to
amplify them by further development. For this
reason such co-operation need not lead to a reduction
in the ability of the various companies to remain
competitive with each other.

This concept of University-Industry collaboration
has proved very successful in Germany. As an
example you may be interested to know that after
more than 35 years of such co-operation, today a
considerable proportion of my laboratory budget is
in fact financed by research contracts from industry.
I must stress that in this connection the consultative
activity of the laboratory plays a very minor role. The
majority of the contracts are research projects based
on a systematic and fundamental approach, and they
are frequently extended over several years.

Our research activity in Aachen covers the very
wide range of work needed by our metalworking
industry. The research staff are divided in four groups
which are devoted to the problems of production
control and management, metal cutting, machine tool
design and numerical control. There is also a compre-
hensive supporting staff. The machine tool design
group, for example, is concerned with a range of
investigations into the behaviour of machine tools
including studies of chatter, kinematic accuracy, the
static and dynamic stiffness of structures and the
design of machine tool components.

The manner in which the different projects are in
fact approached will always be adapted to the specific
requirements. For example in the field of gear wheel
and gear drive investigations a working group has
been established between the laboratory and the
majority of well known German manufacturers of
gear cutting machines and gear drives. This working
group deals with problems which are of interest to all.
The current range of studies include the determin-
ation of gear drive stiffness, the life testing of gears
and the optimum design of bevel gears. Once a year
the results are presented at a working meeting and
subsequent progress planning adjusted accordingly.
This is one example of many.

The co-operation between the laboratory and
single firms or whole groups of companies has proved
most advantageous to all concerned. The continual
and close contact generates a lively exchange of
opinions between the partners. This assures on the
one hand that the research work is oriented towards
the needs and possibilities of practical industry, on



the other if offers the participating companies the
very important opportunity of recognising the latest
trends and considering them within their own
development work. The participation of Government
departments in the financing of many projects also
ensures that the research results will be available to all
those who are interested. There is in fact an obli-
gation to publish, generally immediately, but at the
latest within two years of completing a project.

Such research projects can be carried out to the
benefit of all concerned only when they are tuned to
the needs of all partners. Some specific requirements
put forward by companies who provide financial
support may, of course, be accommodated within
limits. The partnership with the industrial organi-
sation must not result, however, in the freedom of
research at universities being restrained. From my
many years experience as Director of the Aachen
Laboratory. I can state without hesitation that
insoluble conflicts between the interested parties can
always be avoided when the discussion is maintained
at a factual scientific level. To date it has always been
possible to come to a general agreement and I have no
doubt that this will also be the case in future.

In conclusion may I emphasise the following
point. The task which I have sketched requires that
the specifications for staff and equipment of a
successful research laboratory in the field of machine
tools exceed those normally encountered in classical
mechanical engineering. On the other hand the rapid
technological developments have led to a considerable
splintering into many special subjects. However the
complexity of the problems which must be solved in
connection with the new manufacturing methods and
technological processes requires close co-operation
between the various specialists because a single person
will rarely if ever be able to solve all problems on his
own. Interdisciplinary co-operation must, therefore,

3

be a basic principle in all research laboratories. The
combination of scientific fundamental work in
different fields is one of the most important found-
ations for successful research in engineering as a
whole. This is why advances in production tech-
nology would be impossible without the co-operation
of such different disciplines as classical mechanical
engineering, materials science, electronics, control
engineering, as well as factory organisation, manage-
ment and economics.

For these reasons I am convinced that the re-
organisation of the machine tool division at UMIST as
planned by my colleague Koenigsberger represents an
important step in the creation of a forward-looking
concept for such a research establishment. From my
experience over many years I can, therefore, strongly
recommend the realisation of these plans.

When work of the kind I described is proceeding at
a satisfactory level and an acceptable rate, there
remains still the problem of communication between
the various interested people. It is over twenty years
ago that we started for this purpose the Aachen
Machine Tool Colloquia. Over the years we modified
the arrangements until we had arrived at what
appeared to us the most efficient form of communi-
cation. Nevertheless, the undoubted success, which is
perhaps best expressed by the number of participants
consistently growing until this year we had some
2000 people taking part, seems to indicate the value
which industrialists and research workers attribute to
such occasions. I have, therefore, watched with
particular interest the progress of your International
Machine Tool Design and Research Conferences in
Birmingham and Manchester, and here again I am
convinced that you are proceeding in the right direc-
tion. It gives me great pleasure, therefore, to declare
the 12th Conference open and to wish it every
success.
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ADAPTIVE CONTROL FOR TURNING
OPERATIONS

Dr. Ing. A. LEDERGERBER* **

SUMMARY

This report initially deals with the basic considerations which have led to the development of control systems
allowing more automation of the machining cycle than was possible in the past. A description of the system used
for a new adaptive control indicates that such adaptive control of machine tools not only caters for optimized
automatic production but also considerably reduces the programming effort, in comparison with the conventional
programming, when the distribution of cuts is not automated.

The results of a cost comparison for machining two workpieces show that the economical advantages which
can be achieved by employing adaptive control for turning operations justify investment in such systems.

Increasing utilization of adaptive control systems in their different versions is to be expected, precisely because
such systems contribute towards the automation of small batch production, and therefore consistently expand
the development trends originating from the introduction of numerical control.

INTRODUCTION ® adapt machining data to output capacity and
dynamic behaviour of the machine;
® adapt to the ‘state of wear’ of tools;

achieve the required surface finish and profile accuracy.

Efforts towards the development of new production
techniques have a common aim, namely, to produce

the workpiece defined by the designer in the form of
a drawing with the requisite accuracy, while involv-
ing the least possible effort and expenditure. Thus,
very highly automated methods and machine set-ups
were developed some considerable time ago, in par-
ticular to deal with medium and large batch production
problems. In comparison with machines in small-
batch or one-off production, such machine systems
operate at lower production costs per workpiece.
This is possible because the machines use, as well as
their tooling equipment and information, stores such
as cams, stops or trip-dog rails, always designed for
machining only one specific workpiece as defined by
the drawing. As a rule, test runs are carried out to
optimize the production cycle before starting up the
machine system, and final corrections are made dur-
ing the setting of each machine, these corrections
being necessary to fulfil the intentions shown in Fig. 1.
As regards adaptive control, the following points are
of particular significance:

Feed and speed corrections in order to:

® shorten cutting times;

® cater for tensile strength differences in workpieces
originating from different charge batches or to cover
definite workpiece zones;

Accordingly, corrections of tool traverses and tool

FEEDS AND SPEEDS

. Shortening of

cutting times

. Adaption of tool life

periods for various
tools in a tool set

. Tensile strength

differences of workpieces
originating from
different charges or
differences over certain
workpiece zones

. Adaption or machine

output rating and its
dynamic behaviour

. Adaption of state of

wear of tooling

. Achievement of prescribed

surface finish and profile
accuracy

7 Improved chip disposal

I TOOL TRAVERSES
AND POSITIONS

1. Shortening of idle
times

2. Catering for modified
blank dimensions

3. Dimensional corrections
caused through

(a) deflections

(b) tool wear

Jiig WORKPIECE

HANDLING
1. Catering for modified
blank dimensions

2. Shortening of idle
times

Fig. 1 Correction of production systems.

*Werkzeugmaschinenfabrik Gildemeister & Comp. AG., Bielefeld
*Translated from the German by: J. H. Hayes, CEng. FIMechE, FIProdE, FIL, Hayes Engineering Services,

7 Hawtrees, Radlett, Hertfordshire.




8 ADAPTIVE CONTROL FOR TURNING OPERATIONS

positions are effected to avoid idle traverses and thus
idle times. This is of particular importance when
blank dimensions change or when these differ within
a batch.

For one-off and small-batch production, these
considerations are essential in view of production
costs, because in these cases the causes for any correc-
tions required are the same. However, the salient
difference is in assessing the economy of a change in
machining data.

In terms of economics, correction is not justifiable
if effort and expenditure for establishing the need
and for carrying out the correction are greater than
the result ultimately achieved. Consequently—and
especially in one-off and small-batch production—
subsequent adaption of production data is the more
justifiable in economic terms, the more rapidly and
accurately the need can be established and correction
effected.

THE OBJECTS OF ADAPTIVE CONTROL

In conventional programming—quite independently
of program storage method—all data such as speeds,
feeds and traverses must always take into consider-
ation the extreme values occurring within a work-
piece batch. To give an example, Fig. 2 shows the

Upper forging tolerance

Without
adaption

Lower forging tolerance

Finished part

|

|

|
SR

Fig. 2 Conventional distribution of cuts on forged blanks.

conditions when setting the traverses for turning
forged blanks. To make sure that the tool does not
traverse on any of the workpieces within a batch
‘into’ the blank at rapid traverse rate, the changeover
from rapid traverse to working feed has to occur ata
coordinate point outside the maximum blank toler-
ance. As a result, the tool has to cover a greater or
lesser idle traverse after changing over to working
feed and therefore ‘cuts air’ on most of the work-
pieces. The time required for this is irretrievably lost.
Similar conditions apply with regard to cutting speed
and feed-rates on workpieces with varying hardnesses
or in the case of tool wear.

1t is the object of any adaptive control to improve
these conditions, and to influence the machining
cycle in such a way that the cycle is optimized, con-
sidering fully all those factors which affect it.

Making such an ACO (Adaptive Control, Optimiz-

ation) system a reality would demand expenditure
which at this stage cannot yet be fully appreciated,
and which is only likely to be justifiable in extremely
rare cases. In practice, it will suffice to optimize the
machining process within pre-established limits and
with regard to certain machining parameters. Whether
in this case only one or several variable factors are
included in the control depends on the machining
operations involved and on the result of economic
calculations.

A control system of this type would be defined by
ACC (Adaptive Control, Constraint).

Regardless of whether attempts are made to
provide an ACO or ACC system, it is initially essential
to clarify how the machining process is to run off and
what influence the individual machining parameters
are to have. Answering these questions represents the
actual problem and at the same time the key to its
solution. The result of this initial, and simultaneously
most important partial solution, is the definition of
an adaption programme which determines the criteria
controlling the adaption process.

ACC for turning operations

The following details are intended to describe a
method employed for adaptive control in turning. In
comparison with known adaption methods, the
salient difference lies in the adaption programme
used, this obviating extensive computer operations.

In this case, the adaption programme starts out
from a constant pre-selected cutting speed. The speed
of rotation is then adapted in relation to the work-
piece diameter handled and this through a variation
facility and d.c. drive. The significance of a pre-
selected cutting speed is indicated by Fig. 3. The 3-D

K (DM/dm?)

Production cost

Data for establishing
production costs

Workpiece material Cm 55N L+Kn=75DM/h Vo|q=2»107mm3
Tool material HMP15 W; =150DM 1 =500 mm3
Depth of cut a=3mm tw =1min d =100 mm3
Tool geometry :— t, =60min t, =3min
aly|a|ep|e]r
6 |6°[6°|70°[9c%|1-2mm

Fig. 3 Machining conditions and production costs (after
Koenig-Depierereux).



A. LEDERGERBER 9

graph clearly indicates that as far as production costs
in machining a certain material are concerned, there is
only one optimum cutting speed. Moreover, the illus-
tration also indicates the influence of the feed-rate
which represents an optimum value in terms of
minimum production costs! .

In establishing the adaption programme, recogni-
tion of the above facts is reflected in that the variable
adaptive feed-rate must suit the pre-selected cutting
speed —it must also:

(a) allow pre-selection;
and (b) be so arranged that feed-rate variation during
adaption can only occur over a limited and pre-
selected range.

These restrictions would make the utmost per-
missible machine loading demanded by the utilization
of an adaptive control system doubtful if monitoring
of depth of cut is not also included in the adaption
programme.

Insofar as the finished part contour permits,
depth of cut is controlled in relation to the permiss-
ible work spindle torque in such a way that the feed
simultaneously cannot exceed or fail to reach the
acceptable range.

The control diagram is shown in Fig. 4. It can be
seen that machining is monitored by picking a
measuring signal (torque) off the spindle, while simul-
taneously keeping speed under observation. For
certain machining operations, such as drilling small
holes or tapping, very small torque changes may have
to permit evaluation for tool monitoring purposes.
Because the torque picked off the work spindle
cannot be utilized for this purpose, it may in such
cases be desirable to cater for appropriate tool load
monitoring with the aid of measurement data
transmitters incorporated in the tool mount. This is
indicated in the illustration by a dashed line repre-
senting the measuring signal of the cutting force.
When running a workpiece programme involving
several different tools, it would then be necessary—
depending on the tool called up—to bring the appro-

priate measurement data transmitter into the moni-
toring process.

Fig. 5 shows a turning machine with ACC system
which was introduced for the first time to the
engineering public on the occasion of the 1969 Paris
exhibition. In view of the economy of this machine,
the many different blanks, widely varying in shape as
is shown by the illustration, are noteworthy.

The adaption programme used with this technique
permits the preparation of a punched tape independ-
ently of the blank shape. This decisive advantage is
achieved through automatic distribution of cuts as
shown in Fig. 6, orientating itself in relation to maxi-
mum acceptable stock removal rate. Contrary to con-
ventional production in which the programmer has to
take into consideration in the programme the most
unfavourable upper forging tolerance expected, the
new adaptive control with distribution of cuts auto-
matically caters for fluctuating forging allowances in
such a way that the tool either covers idle traverses at
full rapid traverse rate, thereby avoiding the ‘cutting
of air’, or machines the workpiece at the pre-
established stock removal rate.

To provide some idea of the processes involved in
this new ACC system it is of help to highlight and
briefly explain two machining aspects.

One of the most important processes is starting the
cut in the blank contour. Here,—to achieve the
desired reduction in machining time—the turning tool
is moved at rapid traverse rate, beginning at a starting
point remote from the blank, right up to first contact
with the workpiece, quite independently of blank
contour.

Fig. 7 shows the relationships which are of interest
here. The left-hand illustration indicates three impor-
tant phases in starting the cut.

1. The programmed starting point remote from
the workpiece contour.

2. The point at which the cut begins; that is, the
point where the tool first touches the workpiece.

3. The changeover point.
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Fig. 4 Adaptive control for turning machine.
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Fig. 5 Turret turning machine with adaptive control.
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Fig. 6 Distribution of cuts on forged blanks.
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As mentioned already, the tool moves from the
starting point towards the workpiece at rapid traverse
rate. As soon as the tool point touches the workpiece,
a torque build-up occurs, which is measured by a
highly sensitive measuring device in the turning
spindle. The increase in torque is used to stop the
rapid traverse instantaneously. A timer element in the
control system maintains this ‘stop’—to allow the tool
to cut itself free—until the workpiece has completed
at least one revolution at the lowest programmable
speed. Subsequently, the tool is moved in the minus
z-direction, with the smallest programmable feed so
that the torque can increase.

This torque build-up now continues up to the
programmed maximum permissible torque. When this
value is reached, the feed is stopped in the minus z-
direction and changed to the plus x-direction. For
longitudinal machining, the values for Z .« and Zpin
are freely programmable on the basis of the relation-
ships indicated in the 3-D graph (Fig. 3), but dependent
on workpiece and especially on workpiece material.
These two limits indicate the variation range over
which the feed-rate is automatically controlled in
relation to the measured torque. When the adaption

system reaches one of these limits, there is either
a reduction in the depth of cut in the case of reaching
Zmin Or a depth of cut increase in the case of reaching
2max-

In describing the ‘start of cut’ process it is pointed
out that the feed is initially stopped. This is impor-
tant on account of the widely varying workpiece
faces which might—without the ‘stop’—lead to destruc-
tion of the tool.

The right-hand half of the illustration shows the
diagrams of torques measured and variations in feed-
rate. The different torque characteristics applicable to
a sawn workpiece face and to a workpiece with face
run-out are evident.

For research purposes into the ‘start of cut’ condi-
tions, an extreme situation producing maximum poss-
ible inaccuracy was produced by eccentrically
welding a square block to a plate, then machining this
assembly with the adaption system described. The
lowermost diagram illustrates the torque character-
istics. (The diagrams for rapid traverse and feed are
not included in this illustration.)

Although it is impossible to go into more detail
within the framework of this paper, Fig. 8 shows
diagrammatically the adaptive machining of a work-
piece with varying machining allowance.

Through the advantages outlined earlier, that is the
fact that the workpiece programme need only cover
the shape of the finished part contour and the fact
that there is automatic distribution of cuts, the
control system can recognize the point at which the
turning tool starts to cut within the zone of the
finishing pass machining allowance.

Fig. 8 shows that when the remaining workpiece
contour requires no further machining, the tool is
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Fig. 8 Distribution of cuts on workpieces with varying
machining allowance.
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Fig. 9 Adaptive turning with subsequent finishing.

automatically and instantaneously traversed back into
its starting position where a further in-feed occurs.

The conditions are similar when the workpiece
should be finish-machined at the start and further oper-
ations are then to be carried out at its centre or end.

Fig. 9 shows a workpiece which has been photo-
graphed after each pass. The actual adaption phases
appear in photos a—d. The first photo shows the
tapered blank and the last the finished workpiece.

The illustration indicates that adaption is only
effective during roughing of the workpiece and that
the tool will follow the appropriate contour on
reaching the finishing machining allowance. In those
zones where full depth of cut cannot be attained, the
adaption programme tends towards maximum per-
missible torque by increasing the feed where neces-
sary to the maximum permissible rate.

The reason why the ACC system is only used
within the roughing phase lies in exploiting the tech-
nique within its economical range and primarily in
the fact that workpiece tolerances call for a different
tool for the finishing operation to that used for rough-
ing. The finishing operation which follows roughing
is programmed conventionally. No time losses are
incurred in finishing becausc this operation starts
with an accurately defined machining allowance and
the cutting speed is kept constant. Moreover, the
feed-rate cannot be adapted to torque during finish-
ing but must be laid down in line with the expected
surface finish and cutting tool geometry.

The description of the method so far submitted
was intended to highlight the potential advantages of
simplified programming and the saving of idle time.
This is now followed by an economy calculation
indicating the savings possible in numerical terms.

COMPARING THE ECONOMICS OF
TURNING WITH AND WITHOUT
ADAPTIVE CONTROL

The economy comparison presented here deals with
machining the forged stub axle blank—as discussed
earlier—but also, as a supplement, the roughing oper-
ations carried out on a lathe spindle. The calculation
is thus based in each case on a forged blank having a
number of preformed shoulders. The profile and
dimension tolerances achieved in forging are assumed
to comply with the DIN 7527 tolerances laid down
for open die forgings. Two batch sizes of n =10 and
n = 20 off are taken into consideration.

Pure machining costs per workpiece are parti-
cularly affected in the case of both workpiece types
by the blank tolerances to be expected within a batch
and the calculation is based on normal tolerance
distribution. Although in the conventional distri-
bution of cuts it is always the maximum deviation in
the tolerance pattern which is decisive, machining
with the ACC system described here can take the
centre of the tolerance pattern into consideration
when calculating running times.

Fig. 10 shows, in tabular form and for comparison
purposes, the time constituents for the various activ-
ities involved in manual programming of both work-
pieces in this economy comparison. The table shows
the savings mentioned earlier, which are the result of
largely automatic distribution of cuts in programming
the roughing operation with adaption. Accordingly,
the time required for the items in lines 4 and 6 is
shorter. Moreover, line 9 shows that less time is likely
to be required for writing the print-out. The simpli-
fied programme also reduces the possibility of errors
and leads to a more rapid check of programme, tape
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and print-out. Any programme changes which may
become necessary can also be made with less effort
and more cheaply .

A comparison of the total times shows that savings
in manual programming represent 25% in the case of
the stub axle and 33% in the case of the spindle.

Stub axle Spindle
S3 S3/AC{ S3 S3/AC

Activity (manual)

1 Order clarification (mins)| 15 15 15 15

2 Considerations prior to
processing (mins)| 10 10 10 10

3 Establishing the production
media (mins) 5 5 5 5

4 Cut distribution and
co-ordinates for roughing
(mins)| 20 1 45 18

5 Cut distribution for

finishing (mins)| 28 28 31 31
6 Feeds and speeds for

roughing (mins)| 13 3 31 5
7 Feeds and speeds for

finishing (mins)| 15 16 | 32 32
8 Program check (mins)| 20 14 30 20

9 Produce tape and write
print —out (mins)| 15 9 26 16

10 Checking tape and
print—out (mins)| 10 6 18 1"

11 Program modification (mins)| 30 20| 30 20

Total time (mins)| 181 136 | 273 | 183

Fig. 10 Comparison of programming times.

When calculating the hourly machine rate, extra
expenditure caused by the auxiliary control—
including  the necessary measurement data
transmitters—must be considered. The finishing oper-
ation must also not be ignored in this calculation,
because higher finishing costs will apply in spite of
the identical running times; this is because of higher
hourly machine rates.

When taking these provisos into consideration, the
calculation—depending on the number of repeat
orders—showed notable savings in machining both
workpieces.

Fig. 11 shows the potential annual savings in
double-shift production for two batch sizes in rela-
tion to the number of repeat orders when machining
the stub axle or workpieces of similar shape in the
ACC system. Although there is not much practical
experience to go on so far, the illustration clearly

indicates, even at this stage, the economical advan-
tages of this innovation which can be achieved
through simplified programming, particularly when
low numbers of repeat orders are involved.

3104
S 25| Turret turn machine RN 63 S-AC
e Double-shift production
€ 2 Workpiece: Stub axle
€ Material : Ck 45, forged steel blank
<]
2 15
[
_g Batch size
&;; 1104 L=20
3 | | | | J
710
0 2 4 6 8 10

Number of repeat orders

Fig. 11 Savings in production costs through adaption.
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DISCUSSION
Query from W. S. Blaschke, N.E.L.

The paper refers to only one feedback measurement.
Therefore, only one control function can be influenced
ata time. What is the strategy for controlling depth of
cut, feed and speed?

Reply

The adaptive programme (strategy) of the described
ACC System is based on a preselectable speed. The
spindle speed is automatically controlled, depending
on the position of the cross-slide.

In the same way as the speed, the limits of the feed
range for the feed control are preselectable. These
limits are of particular impedance for AC, as depth of
cut control is initiated as soon as one of these limits is
reached. When, for instance, the limit for the minimum
permissible feedrate is reached, a reduction of cutting
depth takes place. Simultaneously, the feed is increased
in order to maintain the programmed chip removal
rate. The reversed procedure takes place when the
limit for the maximum permissible feedrate is reached.



THE ON-LINE CONTROL OF CUTTING CONDITIONS
USING DIRECT FEEDBACK

N. F. SHILLAM

SUMMARY

This form of adaptive control could provide a practical method of varying machining speeds and feeds, by the
changing cutting conditions giving a direct feedback of cutting performance. Practical tests have been carried out

on a lathe and a milling machine.

On the lathe, the control of thrust force gives improved metal removal rate and tool protection in conditions

of varying work hardness and geometry.

On the milling machine, using table vibration as the sensed signal, a similarly improved performance has been
achieved. A method using tool temperature control by monitoring the tool/workpiece e.m.f. is described from
practical results. There are indications that tool life can be controlled, and for turning, improved metal removal

rates and surface finish have been achieved.

These systems have been designed to give smoothly controlled machining speeds and feed rates even when the
monitored information has large fluctuations caused by variations in workpiece characteristics.

INTRODUCTION

Direct feedback systems are not self optimising, but
they do possess a measure of adaptive control in that
they vary the rates of the cutting process when
changes in that process occur. The systems described
here have been fitted to a centre lathe and a vertical
mill, both machines having previously been in regular
use. Improvements in metal removal rates as a result
of using these systems have been observed, with indic-
ations of the possibility of defining cutting edge life
and also providing a measure of tool protection in the
presence of varying workpiece machinability.

An interesting development in control technique
resulted from the problems of fitting tool temper-
ature control to the mill. When also applied to the
mill table vibration control system, a new concept of
metal removal rate is observed. This modified form of
control will be considered for future direct feedback
systems, because it is sensitive to the peak measured
values and may help to remove some of the uncertain-
ties of past observations, particularly with regard to
temperature measurement.

An empirical approach has been used throughout
this work and the demanded values of temperature,
force, and vibration, have been fixed at an arbitrary
level for a given run. In practice, the onus would be
on the user to decide on the level of input to suit his
particular set of conditions and objectives, which
would require him to do a number of tests to find an

optimum value of input setting.

The control loops are basically zero-order type,
having variable open-loop gains caused by the non-
linearity of the measured quantities. So far, only
proportional control has been used, but future
systems would benefit from the addition of an
integral term and an accompanying derivative term
may be necessary for adequate stabilisation.

Tungsten carbide tools of the insert type have
been used throughout.

DIRECT FEEDBACK APPLIED TO
A CENTRE LATHE

Control of average cutting edge temperature using the
tool/work thermoelectric e.m.f.
After an examination of other methods of temper-
ature measurement, in particular infra-red, it was
decided that because of the obscuration problem
inherent in the cutting process, the most effective
method was to use the well known tool/work thermo-
electric e.m.f. This term describes the voltage
produced by the Seebeck e.m.f. and relies on heating
of the junction of two dissimilar metals. In order to
obtain a practical level of thermoelectric power over a
range of work materials it was necessary to confine
this work to tungsten carbide tools.

It would be more meaningful to measure the

Ministry of Aviation Supply, Royal Aircraft Establishment, Farnborough.
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temperature distribution along the tool rake face, as
this provides the maximum tool temperature, but the
author has not found a practical method for doing
this which would be amenable for use as the feedback
quantity in a closed-loop system, although much work
has been done by others in this area of temperature
investigation® .

The tool/work e.m.f. suffers from a number of dis-
advantages because of the variability produced both
by tools and workpieces of nominally the same
type®. Some of this variability may be attributable to
noisy signals produced by intermittent chip shorting
and there are indications that better accuracy might
be obtained if only the peak values of measured
e.m.f. are used. A control system technique which
enables this feature to be realized will be described
later in this report.

Thermol voltoge/ cutting speed Three tips used

Moterial En 30 A o
Tool Tungsten Corbide B o
Cut depth 1-27 ™/m C s
Feed 0:25™/m per rev

1 1 L 1 1 i il

[¢] S0 100 150 200 250
Cutting speed M /min

300 350

Fig. I Variation of thermal e.m.f. with cutting specd.

Fig. 1 shows how the peak e.m.f. varies with cut-
ting speed and also the variability obtained between
three insert tools. With regard to the latter, it should
be realized that these are multi-edged tools and the
total cutting life per insert can ameliorate the vari-
ability consideration. The reduction of slope with
cutting speed indicates the reduction of tool forces
and attainment of plastic chip deformation. At some
higher value of cutting speed, rapid burn-out of the
cutting edge occurs. Curves show that tungsten
carbide tools allow more parts per machine hour to
be produced by using higher than usual cutting
speeds, thus giving comparatively short cutting edge
life. It is the principal object of tool temperature
control to provide some indication of tool life, which
will enable a repeatable cutting process cycle to be

Open loop
cutting speed
demand ——=

maintained in these conditions so that a definite
number of parts can be produced before a cutting
edge change is necessary.

Cutting temperature is chiefly influenced by cut-
ting speed and this becomes the dependent variable in
the control system shown in Fig. 2. This is currently
fitted to a 6 in, 3 h.p. lathe. Because the ohmic
resistance between the spindle and frame is much
greater than that of the tool/work interface, it has
been possible to measure the e.m.f. at slip rings
situated on the spindle, thus allowing an uninsulated
toolholder to be used.
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Fig. 3 Turning results using cutting temperature control.

Fig. 3 shows how, for turning, the resultant cut-
ting speed falls after a certain value of wear land has
occurred, but further experiments are required to
assess how this is affected over a range of demanded
input values.

The use of this system when facing, increases the
metal removal rate by about 30% as a result of the
fact that control of temperature results in an approxi-
mate control of cutting speed. Thus the spindle speed
automatically increases as the tool approaches centre,
and there is the additional benefit of improved
surface finish which would make its useful on pro-
filing work.

It should also be mentioned that the tool/work
e.m.f. provides a reliable indication of work sensing
for mode control and process monitoring purposes.

Control of thrust force

Because it was intended to operate both tool temper-
ature and force control systems together, it was
decided that deriving cutting force from a measur-
ment of spindle torque would not be suitable.
Acceleration torques caused by the spindle, chuck,

Demanded peak

I lOpen loop l
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|
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i { | control i i
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|
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| JComparator
| : Thermoelectric Y
L _‘t | A e.m.f
______ - e
N

Fig. 2 Lathe cutting temperature control system.
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and work inertias would produce cross-coupling
between the two systems. Conventional dynamo-
meters were not considered because of the difficulty
of using them for production work. Attention was
given to the possibility of instrumenting the conven-
tional insert toolholder, and to obtain the thrust
force by measuring the deflection of the nose of the
toolholder. Initially semiconductor strain gauges were
used with a fair amount of success but their
temperature dependence necessitated the use of
coolant. A more successful approach has been to use
a piezo-resistive beam transducer situated at the rear
of the toolholder, away from the heat producing area.
Nose deflection is communicated to the transducer
beam by an arm fastened only at the nose end. This
arrangement is quite successful in practice and its
drift properties are good enough to allow dry cutting.
A thrust force of 200 N produces micro-strain of 100
resulting in an output of 20 mV from a toolholder
having a shank with a cross-section of 16 X 16 mm.
This transducer arrangement forms the feedback
element in a closed-loop system similar to that shown
in Fig. 2, but in this system the dependent variable is
feed rate and not cutting speed. Thus by demanding a
particular value of thrust force the resultant feed rate
will decrease with increasing depth of cut and work
hardness. Fig. 4 shows the results obtained from

. 5 Meosured | Cutting | Depth | Thrust| Feed | Thermoelectric
o uTs speed of cut | force | rote emf

o 100

515 3% Ni cose hordening[571 MN/m2 20 Mfmin|O-9 mm | 133N | 5 13 mv
. 2 Mo 50

EN 32M|Semi- free cutting |680 MN/m?[i20 M/min]O-9 mm | 133N | nm/min 10 mV
1035 S

S 28 |Air hordening MN/m2  [20Mimin]O 9 mm | 133N mgm—/mm 12 mv

Tool torce control

Fig. 4 Turning a composite steel bar using force control.

turning a composite bar. For interest, the value of
thermoelectric e.m.f. is included.

Above a certain value, cutting speed seems to have
little effect on thrust force. Also, it seems to be diffi-
cult to correlate the effect of tool wear on thrust
force? ; however as already mentioned for the tool/
work e.m.f., a system which is sensitive to the peak
values of the measured quantity may provide more
hopeful indications in this respect. Such a system has
already been designed and is in construction. It will
enable smooth feed rates to be obtained even when
turning interrupted cuts.

The object of force control is to set the demanded
force to within the limits imposed by the machine
power and rigidity so that the highest metal removal
rates can be maintained in the presence of varying
work geometry and hardness, while providing auto-
matic protection of the cutting edge. The principal
disadvantage in instrumenting the tool holder is the
problem of taking the wiring from a multi-station
toolpost, which will require a three pole switch
ganged to the turret spigot. Thought has been given
to instrumenting the compound slide to measure
thrust force, and this may be developed further in the
future.

Both systems together

There is no sign of instability caused by cross-
coupling, provided the limits of available power are
not approached and the input setting value must take
this consideration into account. Fig. 5 shows the

Loop saturation
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Fig. 5 Facing with temperature and force control.

results obtained from a facing cut. The main criterion
here is to increase the metal removal rate while con-
trolling the cutting edge temperature to give a pre-
dictable tool life. It is considered that this is best
accomplished if both systems are used together. If
surface finish is the criterion, then this is fixed by the
feed value and tool force control is not needed. The
relatively fine feed will give an initial decrease in tool
temperature which will increase the cutting speed to
achieve the required tool life.

DIRECT FEEDBACK APPLIED TO A
VERTICAL MILLING MACHINE

Control of average cutting edge temperature using the
tool/work thermoelectric e.m.f.

The milling machine used in these experiments was
originally powered by a 5 h.p. motor through gears
and belting. In order to fit the closed-loop control
system, the conventional drive was removed and the
spindle driven directly from a hydraulic motor
developing a maximum of 3 h.p. A similar arrange-
ment is fitted for the table drive, which is arranged to
operate in one of two modes, either at a selected feed
rate or at a constant feed per tooth irrespective of
spindle speed. All the work described in this section
has been conducted in the latter mode of feed
control.

A four tooth, 2 in diameter, end mill was used and
the tool/work e.m.f. obtained from a simple slip-ring
assembly situated on the spindle at the top of the
machine, just before the coupling to the hydraulic
motor. As with the lathe, this arrangement is possible
because the spindle to frame ohmic resistance is much
larger than the tool/work interface resistance when
the spindle is rotating. Fig. 6 shows a block diagram
of the overall system.

The e.m.f. obtained from commencement of cut is
shown in Fig. 7. Irregularities in the cutting behaviour
of each tooth are easy to see. As mentioned previ-
ously, the interrupted nature of the cut, especially
when using only one tooth as in fly-cutting, makes it
necessary to have a system capable of working to the
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Fig. 7 Mill performance using table vibration control.

peak value of this e.m.f. rather than to some arbitrary
variable mean value. The peak sample and hold of
the error system shown in Fig. 6 allows the closed-
loop error to be sampled only when the value of the
output quantity, tool temperature, exceeds the previ-
ously held value operated on by an exponential decay
term which has a time constant suitable for the
process concerned. In this case, the time constant is 2s.
In this way the loop error is only sampled as the
output quantity approaches its peak value, so thatin
the extreme case of fly cutting, the system’s minor
loop spindle velocity servo runs on a steady speed
demand during the period when the tooth is cutting
air—this demand being remembered from the resul-
tant demand for the cutting speed obtained when the

major loop was closed during the previous cutting
metal period. Smooth cutting speeds are obtained
both in the fly-cutting and multi-tooth operations.
Unlike the lathe, the milling application does not
offer gains in metal removal rates attributable to
changes in work geometry because with the constant
cutting radius this factor cannot influence cutting
speed. The e.m.f. output could be a useful method of
monitoring the individual performance of each cutter
tooth and would show up tooth damage. However,
the justificiation for closed-loop control must be the
possibility of being able to define cutter edge life
with reasonable accuracy. This has been prevented so
far by the existence of a spurious thermoelectric
e.m.f. generated between the insert and the hardened
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steel toolholder. Heat from the cutting process flow-
ing through the interface produces a ‘cold junction’
e.m.f. which increases with cutting time and wear
land. In the case of the lathe, this e.m.f. can be
reduced to negligible proportions either by the flow
of a small amount of coolant on the interface area, or
by electrical compensation. For the mill, the former
expedient is not so effective as coolant is thrown off
the teeth by centrifugal action and electrical compen-
sation is not practical. Work is continuing on this
problem.

The effect of this unwanted e.m.f. is shown in Fig.
8, in which it can be seen that new cutting edges
produce the highest resultant cutting speed and the
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least increase in speed during a cut. All these cuts
were taken immediately one after the other, and at a
constant width and depth of cut and feed. There is a
general decrease in cutting speed as wear increases
and this is further characterized by an increasing
speed difference between the commencement and
finish of a cut. A similar test was conducted with
coolant flowing. The resultant cutting speed was
generally 10% lower and decreased more rapidly with
time for smaller excursions of cutting speed from
start to finish of the cut. This indicated that the
coolant was having some effect on the spurious cold
junction e.m.f. but it was noticeable that its use
resulted in increased wear lands on the cutting edges
and severe burning of the nose area. It was concluded
from these tests that the cutting edges had a longer
life when cutting dry.

After the depth of cut has exceeded twice the nose
radius of the tool, further increases have little effect
on the thermoelectric e.m.f.; that is, for the milling
case, the variation of work geometry has little effect
on the resultant e.m.f. and therefore the resultant
cutting speed” when in closed-loop control. One way
of assessing tool life might therefore be to measure
the increase in cutting speed during a cut for a given
value of demanded temperature. This factor could be
taken into account together with the progressively
lower values of cutting speed at the start of each cut.
In a more sophisticated system using an adaptive
controller, these two factors could become further
useful items of information describing the cutting
process and could be obtained from either open or
closed-loop measurements.

Control of table vibration

The original intention was to control the table feed
rate, in the x direction, from a single component
measurement of cutting force. Initially, an ohmic
measurement of the wear land was attempted using
an a.c. supply. However, the results were disappoint-
ing and a single component cutting force dynamo-
meter using semi-conductor strain gauges was
constructed. This had inaccuracies caused by table sag
as well as the fact that its use was restricted by the
range of workpieces it could handle. It was decided to
measure the table vibration caused by the cutting
forces and to see whether these could be used to
control the table feed rate. It was realised at the time
that these measurements are only applicable to this
particular machine, but the availability of cheap and
reliable accelerometers made the idea attractive as it
was not necessary to alter the machine set-up in any
way.

Bendix® use an accelerometer measuring spindle
vibration as an input to their adaptively controlled
milling machine system but the author has not been
able to find any evidence of a system using the table
vibration measurement in a direct feedback control
mode. It was decided to use table vibration rather than
spindle vibration because this is more local to the
drive member and takes into account the perform-
ance of the table structure and drive mechanism.

The accelerometer is of the piezo-electric type and
consists of a suspended mass operating on a barium
titanate disc. Although capable of measuring up to
100 g its use in this application is down in the tens of
milli ‘g’ region. The accelerometer is placed to one
side of the middle of the table with its sensitive axis
in the x direction. In any future design, accelero-
meters placed at either end, possibly under the table,
would be a better arrangement.

It was found that the accelerometer output
increased with feed rate, depth of cut, and work hard-
ness, in a manner which appeared hopeful for its use
as a feedback element. Increases in cutting speed gave
a slight increase in vibration and some of this was
thought to be caused by end-play in the spindle
which is known to exist. This made it impossible to
judge the effect of any machine resonances which
may have been present. With regard to this latter
feature of a machine tool, it should be noted that the
natural frequency of this accelerometer is 5 kHz
which is cutoff at 500 Hz using an external filter.
This cutoff figure was chosen so that the tooth ripple
frequency at maximum cutting speed would not be
attenuated by the transducer.

This type of measurement measures the peak level
of noise or vibration imparted by the cutting process
to the machine. Less transducer output is obtained if
the machine is cutting quietly and this is the condi-
tion which is approached as the width of cut is
increased on a cut along the centre line of a bar or
when up-cutting as opposed to down-cutting. Thus,
the quietest conditions are obtained when the teeth
enter the cut tangentially, and the resultant feed rate
obtained when up-cutting is significantly greater than
that obtained from down-cutting. In cutting along the
centre line with the width of cut increasing, the
increasing feed rate demands more power from the
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spindle drive and to avoid the possibility of stalling
the drive, a constraint limit facility based on spindle
power should be fitted.

Because of the spiky nature of the acceleration
signal (see Fig. 7) it is necessary to fit peak sample
and hold of error in the control loop which is similar
to that of the tool temperature control loop, Fig. 6.
Thus, the system works to the peak value of table
acceleration and so differs from other systems of
table control which use substantial smoothing of the
transducer signal, reducing the capability of the
system to operate satisfactorily at low speeds or when
fly-cutting. However, such operation has proved to be
possible using this system and a smooth feed rate has
been produced in severely fluctuating low-frequency
signal conditions.

The use of this form of control opens up a new
concept of machining which may be suitable to some
cutting conditions but not others. For example, its
peak operating sensitivity makes it sensitive to the
rigidity of the workpiece, and a lower feed rate will
result from machining thin sections compared with
more rigid and thicker sections of the workpiece;
therefore, some control over surface finish can be
expected. It is, of course, very sensitive to chatter
which causes a marked reduction in feed rate and so
conflicts with existing opinions on this subject.

Fig. 7 shows how, as with temperature control, a
quick approach in air is possible. The presence of the
workpiece is communicated instantly to the mode
control unit by the production of a tool/work e.m.f.
This unit then reduces the feed rate to a low value
and the control loop is closed when the second
sample pulse occurs, allowing the feed rate to increase
smoothly under closed-loop control.

Depending on the extent of changes in work geo-
metry, increases in metal removal rates of up to
nearly 40% have been recorded. Fig. 8 shows the
results from machining a wedge shape test piece.

Both systems together

Unlike the lathe, satisfactory operation using both
systems together has not been obtained. This is not
caused by any noticeable instability in steady-state
conditions but by the fact that the table vibration
increases with cutting speed and, as previously men-
tioned, this may be particular to this type of machine
which was not designed for speeds greater than 500
rev/min, and also to spindle end-play. More modern
machines are judged to reduce their vibration level
with cutting speed®, and in this case successful simul-
taneous operation should be possible.

CONCLUSIONS

The author has attempted to show both the advantages
and limitations of closed-loop control. There is much
to be learnt from this approach and experience shows
that the concept is worthy of further attention, parti-
cularly when considering the alternative of putting
uncertain cutting information into a computer
program or building a mathematical model of the cut-
ting process’. The most likely advantages are in
increased metal removal rates, some control over tool
life and a measure of tool protection. There is the

further possibility of using these measurement tech-
niques as part of an overall process plant monitoring
system.

The role of these methods may be more significant
in the numerical control field, where their use could
lighten the programmer’s load and increase produc-
tivity. In the author’s opinion both systems should be
used together in order to obtain maximum production
benefits and protection.
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DISCUSSION

Query from Dr. G. Barrow (UMIST)

Cutting tool temperature will of course rise with
increasing tool wear. In view of this, when a constant
temperature demand is made, the cutting speed will
generally decrease with time as indicated by Fig. 3.
This means that in many cases a reduction in metal
removal rate, and hence an increase in machining costs,
will arise. This is obviously not so when facing, but in
this case the same result could be obtained more
cheaply by employing a constant cutting speed attach-
ment on the cross-slide.

In view of this, I should like to know whether the
author has undertaken any economic evaluation
studies.

Reply

My work in this field came to an end earlier this year
and really was only concerned with the practicality of
this form of control whilst pointing the way to eco-
nomic studies. Constant cutting speed control does
not take into account tool wear and could result in
rapid tool burn-out, if high cutting speeds are used in
an attempt to obtain a plastic chip, with the benefit
of consequent reduction of cutting forces. This appears
to be the desired aim of many workers in the field, of
better utilisation of tungsten-carbide insert tools. The
object being to cut-in the temperature-sensitive region
of the cutting edge, that is, where temperature is the
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chief cause of tool wear. I submit that this would be
a ‘chancy’ thing to do if only cutting speed control
were used. It is true that in tuming the cutting speed
reduces with cutting time when using closed-loop
temperature control, but studies on this have indicated
that a longer tool life will result, rather than in the
case of maintaining a given cutting speed.

My view of the main benefit of this form of control
is the possibility of defining tool life, so that perhaps
an integer number of parts can be produced, and/
or certain shift tool life figures for changing cutting
edges can be obtained.

Queries from Dr. Ing. M.A. El Hakim, Cairo, Egypt.

(1) Controlling the feed through the measurement
of the thrust force. It is the main cutting force
which must be measured owing to its direct
effect on the spindle torque as well as on the
power consumption, both of which should be
kept well below permissible levels. Through the
measurement of the thrust force instead, as it is
represented in this paper, an overloading of the
machine tool under the action of the main
cutting force (torque on spindle and power
consumption) cannot be avoided. These criteria
cannot be judged when measuring the thrust
force, as it has no definite relationship to the
main cutting force. On the other hand, if the
cross-coupling between the main cutting force
measured at the spindle and the cutting temper-
ature control systems is liable to occur, it may
as well be transmitted to the thrust force through
the cutting process.

(2) Using the cutting temperature feedback loop in
turning (cause of the digressive use of cutting
temperature while using cutting speed). The
digressive rise of the temperature with the
cutting speed is not only caused by the plastic
flow of chips, as mentioned by Mr. Shillam, as
it takes place in a lower range of cutting speeds
as well. The main cause of such behaviour is the
decreasing time of contact between the chips
and tool-face.

(3) The application of the table vibrations of a
milling machine in the control loop to control
the table feed.

The amplitude of forced vibration of a
machine tool structure depends on the nearness
of the exciting frequency (cutting table fre-
quency) from the various natural frequencies of
the system. At certain rotational speeds of the
milling cutter this can be a source of disturbance.
On the other side the table movement results in
changing the dynamic stiffness of the structure
system which may also lead to a variation in the
amplitude for the same cutting conditions.

Reply

(1) In a control loop the dependent variable, feed-
rate, should be controlled from a measurement
of the controlling parameter, namely feed-force,

otherwise the integrity of the system is violated.
After all, the feed servomotor exerts torque to
overcome the moment imposed on it by feed
force, not the tangential force which is at right-
angles to it. This latter force, as you infer,
controls the spindle power and should therefore
control cutting speed but not feed rate, other-
wise a sensible closed-loop operation could not
be obtained. Measuring the spindle torque does
not produce an accurate measure of the main
cutting force, since it includes the acceleration
forces due to the masses of the spindle and
chuck, plus the workpiece. Any dynamic out-of-
balance of the system would add a further error
and, as expressed in my paper, a static and
dynamic measurement of tool force, be it thrust
or main cutting force, must be of sufficient
accuracy so that peak measurement of what is
essentially a fluctuating phenomena can be a
reliable mode. I agree that my system can result
in overloading and here a simple measurement
of main spindle motor power should be suffi-
cient to obtain power threshold control to limit
the cutting rates to a safe value.

(2) The temperature versus cutting speed is not a
linear run. The initial and final slopes vary by as
much as 10:1 so it is difficult to see how de-
creasing time of contact of the chip can be the
main cause. Friction effects are nonlinear in the
“stick-slip” regions that are occurring here, due
to the partial welding of the chip to the tool-face
for a very short space of time under some low-
speed conditions. The plastic flow theory relies
on the fact that this condition suddenly happens
and results in a decrease in the cutting forces,
thus reducing the slope of the temperature
(thermoelectric e.m.f.) versus cutting-speed
curve.

(3) I agree with everything said regarding the vari-
ability of the mill machine vibration; this was
precisely the reason I instrumented and fitted a
control-loop to govern the feed-rate from the
peak value of the table vibration. I assume that
when you say the ‘“same cutting conditions”,
you mean “the same feed and cutting speed”.
In my system, however, this implies the ‘‘same
peak vibration”, measured on the table which,
although not checked in theory or practice, I
feel is a measure of the “transient shock load”
on the cutting-edge of the tooth. Since both
tungsten-carbide and ceramic teeth are prone to
damage through excessive shock loads, I thought
my control system of interest to users.

Query from J. Peters

The system of on-line control based on tool tem-
perature measurements has been built and shown at
the CIRP Manufacturing Seminar in Pisa.

The problem, however, is how to proceed when
coolant is used on the tool tip. The Gotwein tempera-
ture measurement method is very sensitive to possible
electrolytic effects of the tool-to-workpiece contact.
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Reply

I am sorry that I am not familiar with the Gotwein
method, and so cannot comment on this matter. How-
ever, coolant does not appear to be present at the
very intimate interface of the cutting edge and the
chip, and does not affect the value of the measured
thermoelectric e.m.f. (see below) effect, obtained
from the tool-work combination. This has been estab-
lished by supplying pulses of coolant and measur-
ing the thermo e.m.f. during wet and dry cutting.
Because the action of the coolant is in the “stick-slip”
effect of the chip passing over the flank tool surfaces,
rather than in any noticeable voltaic action, this may
be due to very low source impedance of the tool-work
e.m.f. shorting-out any possible electrolytic effects.
Also, if a cold-junction spurious e.m.f. exists due to
the temperature rise of the cutting tool (any tungsten
carbide) in a steel toolholder, the application of cool-
ant would cause an apparent increase in thermoelectric
voltage during cutting, this being due to the reduction
in the cold-junction thermoelectric e.m.f. This could
be mistaken for an electrolytic effect.

I think it important to realise that the electrolytic
effect may be apparent when coolant simultaneously
touches work and tool, without a cut being taken and
the machine spindle is rotating, but this is hardly a
condition to cause worry. As previously mentioned,
the virtue of the thermoelectric e.m.f. method is its
very low source resistance, if properly utilised, so that
it effectively attenuates unwanted electrical signals
once a realistic cut is being taken.

Query from R. H. Thornley

Will the author please explain how he calibrated the
lathe tool force transducer. I agree that in the initial
setting conditions the clamping force provided by the
tool-post screws may be offset on the DC level, but
surely the variation in clamping force must give a
variation in tool stiffness. How is this variation in stiff-
ness accounted for in practice?

Reply

Static calibration was obtained by clamping the tool-
holder in a vice and using a dummy insert capable of
taking a wire to which weights were attached, the nose
of the tool being unclamped and the bending moment
being defined by a shallow slot in the front edge of the
tool-holder about 1} in. down from the nose. The
two planar resistances of the piezo-resistive transducer
connected in a Wheatstone bridge circuit produced a
static curve with good linearity and little hysteresis
(see graph). Variation in clamping forces had little
effect on this curve since, in the first place, the clamp-
ing force was, of course, sufficient to prevent move-
ment of the tool-holder in the vice, and secondly the
stiffness is decided by the unclamped portion which
bends about the reference slot which must also be
unclamped. 1f this were not so, variations in clamping
force would doubtless affect the calibration curve.

As mentioned in the lecture, if closer investigation
shows that this arrangement gives unacceptable errors
(although these have not manifested themselves in my
work), a torque spanner approach may overcome this
problem.
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SUMMARY

A customer’s desire to purchase a numerically controlled lathe which dramatically reduced production times and
had a high degree of built-in automation led to the developments described in this report being embodied in a

new machine.

The most significant developments were a new twin-tool concept, a completely on-machine tool setting system
which removed the need to use pre-set tooling and tool-offsets, automatic fixture location, computer-aided
programming for constant cutting speeds, and rapid automatic tool changing with tool location detection.

This report describes the reasoning behind each development and gives some detailed descriptions. A general
description of the machine is given. As the delivery requirements for the machine were such that a number of
machines were delivered over a short period, the management methods used are described.

An indication of future developments is also given.

INTRODUCTION

Until 1969-70, numerically controlled lathes were
equipped with the means of automating component
geometry, changing feed-rate and spindle speed,
switching on coolant supply and so on. However, if it
is accepted that one of the principal aims of auto-
mation is to reduce the influence of the operator in
producing a part, then the most significant parts of
the production process, that is component location,
accuracy of part, cutting-cycle time and surface
finish, could still be altered by an operator using the
auxiliary controls usually supplied (for example, tool
offsets and feed-rate override).

Certain NC users wish to purchase machines auto-
mated further than normal and one asked Charles
Churchill Itd, a company within the Machine Tool
Division of Tube Investments Ltd, to produce a
machine specification which would fulfill their
requirements. The job was handled by the Applied
Research and Development Division of Charles
Churchill Ltd (A.R.D.D.).

The eventual outcome was a machine having a
specification which contained features designed to
automate the control of the parameters already
stated, and the customer placed an order for a
number of these machines to be supplied on an
extremely tight delivery schedule.

The fact that the initial specification included a
high degree of automation meant that the design was
not constrained as when normal NC lathes are first
designed, and discussions with the customer led to

the concept of using twin tool-turrets on the
machine, both tools cutting a mirror-image path in
one axis, thus doubling the metal removal rate.

Fig. 1

Fig. 1 shows the first artist’s impression of the

‘machine and it can be seen that a T-bed configuration

was chosen. We describe here the development of a
method of automatically setting both cutting tools
when on the machine, thus obviating the need for
tool pre-setting or tool-offsets, a method for auto-
matic and rapid tool-changing, the method of
programming the machine for efficiency and surface-
finish, and we will describe some more advanced
features that may be added later.

The machine was called—the Red Century 1250
NC tee-bed lathe.

*Systems Products Manager, Charles Churchill Ltd.

+Research and Development Manager, Charles Churchill Ltd.
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General machine description
Fig. 2 shows a line drawing of the machine.

Fig. 2

The Red Century 1250 NC lathe is a numerically
controlled turning machine for large disc and ring
shaped components. It is of ‘T-bed’ configuration,
with a sliding headstock moving on the ‘leg’ of the tee
(z-axis) and two tool carriages moving on the cross-
piece of the tee (x-axis).

Opposite handed recirculating ball leadscrews used
on the x-axis carriages ensure that the tools are
always moving in precise mirror-image paths, thus a
two-start scroll is cut on the component, and linear
feed-rates of twice those normally used can be
employed, doubling metal removal rate. The machine
is designed to accommodate the increased cutting
forces that this entails.

Slideways are all hydrostatic, and carriages driven
through two-speed gearboxes by Inland Motor d.c.
torque-motors with feed-rates from 0-02 mm min™
to 3 800 mm min'.

The spindle frame houses a sixteen-speed gearbox
driven by a 40 h.p., d.c. motor. The spindle nose has
an ASA taper location and accepts components
mounted on accurately machined fixtures. The
spindle speed range overall is 1200 r.p.m.

Tool magazines are provided for each tool-turret
which can accommodate twenty tools each. Tool
changing is done from the magazines into the non-
cutting station of the turrets by means of tool-
transfer mechanisms which move only in one plane.
The tool-turrets index through one-half turns and are
precisely located by face-toothed couplings.

The principal capacities of the machine are as
follows:

Maximum swing diameter 1370 mm
Maximum turning diameter 1220 mm
z-axis stroke 865 mm
x-axis stroke (each carriage) 840 mm

To overcome the need for tool-offsets, and operator
influence on component geometry, an automatic tool-
setting device was mounted on the machine. The
tool-setting units can be seen, retracted, at each side
of the spindle frame. As will be explained later, the
tool-setting system demanded the use of an auxiliary
slide on the left-hand carriage on the x-axis. This slide
is controlled by rotating the carriage ball-nut for x-

axis motion and by an independent leadscrew for z-
axis motion.

Tool setting

The use of preset tooling on NC lathes has become
common, but even then it is usually necessary to use
tool-offsets during machining cycles to ensure compo-
nent accuracy. To be able to preset tooling to high
degrees of accuracy, expensive presetting fixtures are
required and therefore the overall result is that
efficiency is reduced. The customer for the new
machines desired presetting to be eliminated to the
extent that the use of qualified tool-holders and tools
was sufficient.

It was soon clear that the use of twin-tool cutting
on a workpiece required each tool to have an equal
share of the cutting load. This was because any un-
balance would tend to overload one tool, and also
produce poor surface finish. The materials to be cut
by the machine were high tensile nickel/chromium
alloys, titanium and so on, and therefore it was
decided that it was necessary to produce a method of
setting tools on the machine, just before cutting, to
the accuracy required, defined as * 0-0003 in.

As the tool-setting operation would now take
place during the machine cycle, time was at a
premium, the time for a complete tool-setting cycle
being specified as 60 s.

After examining the alternative methods that
looked feasible, it was decided that a non-contacting,
optical method was the most attractive, because wear
would not be a problem and reliability high. It would
also be possible to set the tools in any quadrant from
any direction—something very difficult with the other
methods.

Fig. 3 shows the operating principles of the unit
eventually developed at the Hinxton Hall research
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Fig. 3
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laboratory of Tube Investments Ltd, in cooperation
with A.R.D.D. The tools to be set are positioned
under an optical unit which has an optical crosswire,
on which the tool should be just touching if it were
completely accurate.

A primary image of the tool tip is obtained on a
scanning disc through a primary lens. The purpose of
scanning the image is dealt with later and at this stage
the disc will be ignored and it will be assumed that
the image is collected by a secondary lens and pro-
jected into a beam-splitter. The beam-splitter simply
delivers the image to three separate optical
assemblies, the viewing screen, where the tool tip can
be seen as with normal optical tool-setting devices,
and two straight graticule lines followed by a con-
denser and photomultiplier. The graticules are
arranged so that one is oriented in the z-axis of the
machine, the other in the x-axis. The width of the
graticule slitis 0-002 in., but as the lens system magni-
fies the tool tip by a factor of ten, the slit width is
equivalent to 0-0002 in. With this magnification, the
unit by itself can detect a tool tip within * 0-00005 in,
but when combined with the whole machine tool
and control system, the performance becomes less
good. However, the design specification of + 0-0003 in,
is easily met. When the tool tip is not encroaching
the graticule or datum line, the whole graticule is
illuminated. When a tool tip crosses the line, part of the
graticule is obscured. The photomultiplier can thus
detect a change in light-level and, with suitable elec-
tronics, give an appropriate signal to the machine’s
control systems. As it is required to detect the tool
just on the point of crossing the line, that is setting
on the datum-line, the change in light-level would be
small. However, the effect of scanning the image is to
deliver an image equivalent to a section of the grati-
cule much smaller than before and the photo-
multiplier signal changes substantially when the tool
is just on the line, thus good discrimination is
obtained, hence the use of the scanning disc.

Obviously, with the tool-presetting tolerance of
+0-020 in., it is necessary to use the photomultiplier
signals to drive the tool to the datum line from a posi-
tion either 0-020 in. from the line or 0-020 in. over the
line. Solid state logic is used to achieve the desired
results.

Fig. 4 shows how the unit is applied to the
machine. Consider first only one x-axis tool slide. The

Z Zero Offset

X_Zero Offset

mmlc 7542

- Fig. 4

Automatic Tool Setting Unit (A.T.S.U.) signals are
processed and signals fed to standard zero-offset
differential resolvers on the GE 7542 control. This
has the effect of moving the main or ‘master’ axes of
the machine until the zero position of the machine is
set to allow for any inaccuracies in the tool dimen-
sions. For convenience, this is referred to as ‘setting
the master-tool’.

Because there is a twin-tool fitted, on a mirror-
image in the x-axis, after the master tool is set, the
other tool, referred to as the °‘slave’ tool, also
requires adjustments. Because there is an * 0-020 in.
tolerance on all tools, the slave tool will seldom be
correct after setting the master. Some means therefore
had to be found to obtain motion of the x-axis slave
turret independent of the x-axis master.

Rotating the slave ball-nut by a wormwheel and
screw arrangement enables independent motion in the
direction of the x-axis, but to achieve independent
z-motion, the slave turret had to be mounted on an
auxiliary slide driven in the z-axis by a further
recirculating-ball leadscrew and motor. Those details
can be seen in cut-away in Fig. 2.

A second A.T.S.U. is used on the slave tools to
obtain setting signals for the slave tool-setting
motions.

Fig. §

Fig. 5 shows a unit being used to set a tool. To
protect the unit while not in use, it is withdrawn into
a sealed cover. An air-blast is used to blow away any
stray swarf or coolant from the tip before setting
takes place. .

Fig. 6 shows a typical tool-setting cycle. The
machine is presumed to be cutting and the next tools
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Fig. 6
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to be used are already behind the indexing tool-
turrets. The sequence and timing of events is given for
the absolutely worst case, and, as can be seen, the
specified 60 s maximum is achieved.

Where tool-setting is being used it is therefore un-
necessary for the machine operator to interrupt the
machining cycle to check tool-setting and component
geometry, once the tape has been proven. This
feature in itself results in considerable savings in
floor-to-floor time and as the unit can be applied to
many lathes, this development in automation must
be considered significant.

Fixture/component location

Turning disc-type components frequently requires the
use of fixtures on which the discs are mounted. The
fixtures are then offered up to the lathe, clamped,
and component location checked and adjusted. This
is a time consuming operation, and it means that the
lathe is occupied during the setting process. Thus a
method of automating the obtaining of an accurate
component set-up was found.

By providing a special fixture/component clocking
rig, the component and fixture can be clocked separ-
ately from the machine. The fixture can then be
offered up to the spindle nose and if accurate means
are designed for holding and detecting the fixture,
there is no need to check by hand.

On the R.C.1250 machine, the fixture is auto-
matically pulled onto the spindle-nose taper by
hydraulic means. The taper location used is an
accurate non-stick taper which in itself ensures
accuracy. However, there are air-gauging transducers
attached to the machine spindle frame which detect
the fixture and are set to check that it is correctly
located. Machine cycle-starts are inhibited if this
check is not affirmative, and an indicator lamp
informs the machine operator. The automation thus
achieved reduces operator influence on component
location and reduces floor-to-floor time. Futhermore,
as it has been designed in from the start, it provides
for the eventual automation of workpiece handling in
a way that would not otherwise be possible.

Tool changing

The choice before the machine designers was not
whether to specify automatic tool changing, but rather
which type of automatic tool changing was desirable.
It was established by the customer that a load of
twenty tools would be required, and they preferred
to identify each toolholder rather than tool-magazine
position.

The basic design requirements were defined as
follows:

A foolproof identification of toolholder to be
used; an absolute minimum time required to obtain a
new set of tools in the cutting area; and a means of
ensuring and providing that toolholders are located in
the tool-turrets with a high degree of accuracy.

The toolholders (and thus the tools) are identified
by means of coding screws situated along the ISO 50
taper used to locate the holders in the turrets. The
tool number is a six digit binary number, thus allow-
ing (2°—1) unique tool numbers, that is 63 numbers
(1 to 63). A seventh coding screw is used to generate an

odd parity. In operation, the tool number is checked
twice for number and parity before being inserted in
the turret. This is virtually foolproof.

The requirement for twenty tools in each load was
not compatible with the need to reduce tool change
times. Therefore it was decided that a pair of index-
ing tool-turrets had to be used. It was then possible to
search for a given tool in the magazine and insert it in
the rear turret station while a cut was in progress. By
this means, only the turret indexing time influenced
the complete ‘cut-to-cut’ time. The turrets index
through 180 degrees in 4 s.

Accurate tool-holder location was necessary both
as an obvious safeguard, but also to enable the tool-
setting operation to achieve a specified performance.
One of the most important reasons for checking tool-
location was seen to be that the cutting performance
of the ISO taper interface on the tools can be
seriously reduced if an excess of dirt or swarf is
allowed to contaminate the taper. As such contamin-
ation would result in a mis-location of the tool,
checking the location provides an assurance of the
cutting performance.

When the toolholders are inserted in the turret
station, the location of the toolholder is detected by
a position transducer. If a toolholder is not located
accurately enough, the machine is halted when the
programme attempts to index the turrets. This
process is again completely automatic and it is not
possible for the operator to overcome the machine
interlock.

Programming

The components to be cut on the machine were of
fairly complex geometry, and the customer was
already using Exapt 2 as a programming method.

Moreover, the customer desired to be able to
produce constant cutting speed conditions over a
three to one range of diameters. This in itself resulted
in the specification of an S.C.R. controlled, infinitely
variable spindle drive with a three to one constant
h.p. speed range, but the use of an Exapt 2 post-
processor enabled programmers to automatically
produce commands on the control tapes to maintain
a constant cutting speed. Sixteen gear-changes in the
spindle gearbox result in a total speed range of 1-200
r.p.m., the gear change being called automatically by
the post-processor if necessary.

One aspect of originally specifying that the
machine be programmed only by computer is of
interest. By automating the programming it is poss-
ible to build into the software the type of interlocks
and logical sequences that would normally require
extensive hardware solutions. Although for safety
reasons some interlocks cannot be software based, it
is possible to obtain an overall cost benefit.

Control systems

Fig. 7 shows a block diagram of the control systems
used on the machine. The GE7542 two-axis contin-
uous-path control system reads command data either
from tape or manual inputs. A.R.D.D. designed and
manufactured solid-state (integrated circuit) controls
to accept the control signals from the GE control and
deliver the appropriate power output signals to the
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machine hardware. The accent in design was on reli-
ability and ease of servicing.

The machine slides are driven by electric servo
drives, which consist of high performance Ward-
Leonard d.c. motor drives, and use Inland Motor
equipment. The type of materials being cut demand
feed-rates as low as 0-0008 in min~' and the smooth
low speed performance of this type of drive is highly
desirable. The low feed-rates required also dictated
the use of a gearchange to achieve the desired rapid
traverse.

As well as those interlocks and checks described in
previous sections of this report, it was decided that
wherever possible operator safety, component
security and machine protection should be auto-
mated. The resulting interlocks are too numerous to
mention here, but for example, if the main guards are
opened in AUTO cycle, the rapid traverse mode is
inhibited, thus protecting the operator when inspect-
ing the cutting process with the guards open.

ECONOMICS

The R.C.1250 machine justifies its extra cost over
conventional NC lathes by obtaining higher produc-
tion rates per unit of capital invested in the machine.
The twin-tool cutting is an obvious reason, but not
quite so obvious is the fact that floor-to-floor time is
reduced by an overall factor which is sometimes as
high as three or four. This performance is a result of
the high degree of built-in automation additional to
the conventional machine’s NC controller. Consider-
ing floor space saved reduces costs further.

As the component complexity increases and tool
changing and setting have more and more signifi-
cance, then the advantages of automation increase.

PROJECT CONTROL

The management of a single contract of significant
value for a number of fairly sophisticated machine
tools is perhaps not in itself a problem, However, if
the first machine has to be conceived, designed,
detailed, manufactured and delivered in 12 months
from the receipt of the order, and the complete order
delivered within 16 months, then the plain manage-
ment of such a contract is problematic.

In the case of the R.C.1250, Fig. 8 shows the
schedule of events found necessary to achieve the
targets set, and it has since become apparent that
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without careful planning and control the delivery
promises that were given and met would have gone by
the board.

A computerised critical path analysis method was
used to record and report progress, and the customer
was continuously informed of the progress being
made against the schedule. The principal plan was
used to ensure that the correct resources, both in
materials and manpower, were made available as and
when necessary. Sub-contract detail design and skilled
labour was used extensively and Churchill designers
and engineers concentrated on the conceptual design
work and control of the project.

It was realized that much time can be lost in getting
anew machine commissioned and accepted because of
inevitable errors that occur in machine and control
systems design. To overcome this, all controls were
tested on a special machine simulator, which ensured
that not only were the machine’s sequences and design
checked-out, but made certain that when the controls
were connected to the actual machine tool hardware,
only minimal problems remained.

Furthermore, the fact that the machine tool and
its controls were designed and manufactured on the
same site assisted greatly in solving the problems of
implementing design changes.

The result of this work, and the fact that a fairly
young and enthusiastic team worked together well,
was that targets were met and deliveries made on
time.

There is little doubt that customers for NC
machines are demanding shorter delivery times. It is
probable that the methods found absolutely essential
to achieve the R.C.1250 project will become
commonplace in the machine tool builders technique.
Further developments in methods for reducing lead-
times will occur and we can look forward to being
able to quote to customers deliveries that will surely
ensure success over competition.

FUTURE DEVELOPMENTS

One future development planned is a tool-wear
measurement facility.

Using the control commands given to the auto-
matic tool setting equipment it is possible to measure
the tool wear that has occurred between successive
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tool-settings. It will be possible to specify for a
number of tools the allowable wear, and the tool-
wear detection controls will indicate to the operator
when each limit is reached. This development further
automates the machine.

A further development, using the control servos
already existing for the automatic tool-setting equip-
ment, could be the introduction of an adaptive-
control system which could automatically compens-
ate for tool-wear, thermal drift and machine tool tip
deflections. Obviously simple adaptive control of
spindle horsepower is feasible.

Automation of workpiece handling is also feasible.
As already described, the fixture clamping controls
provide a sound basis for the automatic handling of
fixtures. Similarly, a line of R.C.1250 NC lathes
would be able to share completely a central tool
store, which would enable reductions in cost on the
machine tool change hardware to be made.

If current trends towards the use of computers for
machine tool control continue, machine control by
computer both for motion and sequence logic could
be envisaged. -

DISCUSSION

Query from Professor Dr. -Ing. G. Spur, Technische
Universitiit, Berlin.

In your paper you mention the possibility of
measuring the tool wear. This is important for new
developments in optimising adaptive control systems.
Could you report something about your measuring
device? Is it only an idea or do you have any
experience? What kind of tool wear are you
measuring?

Reply

The device in question is really a technique for using
the existing automatic tool-setting unit. The lathe
axes are moved by rotating differential resolvers by
means of stepping-motors geared so that one step
represents 0.0001 in. Control logic ensures that axes
are moved until the tool-tip is set on the ATSU cross-
hairs. After cutting for some time, if the axes are
again positioned at the “tool-setting position”, the
ATSU will register that due to tool-wear, the tool tip
is no longer at the true datum. The number of pulses
required to move the tool to the datum is the
analogue of tool wear.

The above facts can be seen to form the basis for a
system whereby toolwear can be measured, but at
present no practical details are available. Only radial
wear is measured.



THE MODULA RANGE OF NC MACHINE TOOLS

by

D. GRINDROD and G. FARNWORTH*

INTRODUCTION

Before the introduction of its Modula range, Marwin
Machine Tools Ltd. marketed standard and custom
built, numerically controlled machine tools and
machining centres for the machining of ferrous and
non-ferrous alloys.

The price of these machines typically ranged from
thirty thousand pounds (£30,000) to one hundred
and fifty thousand pounds (£150,000).

Whilst Marwin had made an increasing impact on
the general engineering industries, particularly at the
heavier end of the market, the majority of its
customers had come from the aircraft industries, both
at home and abroad.

Feedback from the sales force had made the
Company acutely aware that it could not satisfy the
requirements of many small-to-medium sized general
engineering companies, on a cost basis alone.

Such companies typically explained that whilst
they fully appreciated the benefits of using numeri-
cally controlled machine tools, they simply could not
afford the relatively high capital cost of such equip-
ment.

In 1969, Marwin decided that in order to continue
the growth of the Company, it would be necessary to
seek new markets to supplement its existing ones. It
is not surprising, therefore, that general engineering
was chosen since it was believed that this market
would both support the Company’s expansion and
act as a ‘buffer’ in the event of recession in the
volatile aircraft industries.

Thus, they decided to design a numerically
controlled machine tool which could be sold at a
price which would suit the pockets of even the
smaller users. It was thought that the wide introduc-
tion and application of this machine would be
compelled on economic grounds alone.

From the original concept of a single numerically
controlled (NC) machine tool, emerged a comprehen-
sive range of NC machine tools and machining centres
called Marwin Modula.

SPECIFICATION

Once the decision to market a new machine tool had
been made, it was necessary to establish a suitable
machine specification, within which the Company’s
designers could work. This specification was jointly
conceived by a team representing the design engineer-
ing, production and sales functions, working to the
following criteria laid down by the Board of
Directors.

1. The machine must be specifically aimed at the
general engineering industry, both in the United
Kingdom and Overseas.
2. The machine must be a basic milling machine,
fully capable of boring, drilling and tapping.
3. In accordance with the Company’s existing
marketing policies
(a) As many variations as possible must be
offered on the basic machine to cater for
the individual requirements of each
customer.

(b) The machine must ‘out specify’ competi-
tive products in the same price range.

4.  The machine must have numerical control on
all axes.

5. The unit cost of the basic machine must be
sufficiently low for it to be marketed in the
United Kingdom at a selling price of ten
thousand pounds (£10,000).

Eight years ago, in his classic paper on ‘The
Machine Tool of the Future’, Dr. Moll' presented
firm guide lines which aided the satisfaction of
criteria 1 and 5.

In his paper, he put forward the answer to the
increasing problem of keeping production costs low
as being ‘automation involving the lowest possible
capital expenditure’.

The automation of small batch production which
is typical in the general engineering industry is tech-
nically feasible with NC, and the capital cost of NC
machine tools can be minimised if manufacturers

*Marwin Machine Tools Ltd., Leicester.
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offer simplified machines with limited working ranges
and reduced cutting capacities, which satisfy the
customer’s needs only and do not give him excessive
technical capabilities and physical capacities that
often incur overproportionate capital costs when
related to their appropriate usefulness.

Dr. Moll suggested that ‘Component Statistics’
offer one way of determining the exact requirements
of the machine tool user. Component statistics are
not an end in themselves, for in order to achieve a
competitive product in a free market, the designer
should consider many other factors including
development in metal cutting, the technical features
of machine design, competitors, products, future
requirements of manufacturing systems, the plant
manufacturing expertise and experience, and cost,
before he reaches the final compromise. Such
statistics will, however, help in deciding a minimum
specification upon which the designer can exercise his
judgement. For this reason, therefore, use was made
of research surveys carried out at Aachen, and by
PERA and VUOSO. This increasing volume of
information on machined components relating to
their shape, size, weight, material, type of machining
operation, desired output and required accuracy,
provided an insight into the milling, drilling and
boring practice of the general engineering industry.

It was found, for instance, that a machine capable
of drilling 2 in. diameter holes will accommodate 95%
of work requiring drilling and that 75% of this work
can be accommodated with eight cutting tools and a
third of drilled workpieces also require milling opera-
tions. A strong case must, therefore, exist for an
eight-station turret, not merely capable of drilling but
fully capable of milling.

Eighty per cent of work requires a combination of
machining operations drawn from milling, boring and
drilling, and, therefore, a strong case exists for the
development of the machining centre philosophy of
designing machines capable of milling, boring and
drilling a component in one set-up.

Machining is often required on two or three
orthogonal axes indicating a need for angular index-
ing facilities. In fact, 55% of all milled components
are well suited to production on a machine equipped
with angular indexing. These facilities become even
more urgent when it is noted that for drilling, milling
and boring operations, the time spent in setting and
handling often exceeds the time spent cutting metal.

A machine with a physical capacity to accom-
modate an 18 in. cube will be suitable for about 80%
of all general engineering components that are milled
or drilled and about 40% of components that are
bored. If this capacity is increased to 18 in. X 18 in.
X 32in., then the machine will accommodate over
50% of all bored work.

Most components weight less than 60 1b and over
95% of components weigh less than 1 ton and have a
maximum envelope dimension less than 60 in.

Over 95% of all components which are milled,
bored or drilled are made of cast iron or of a ferrous
alloy. Therefore, any machine with a high range of
spindle speeds suitable for light alloy metal working
will have an extremely limited application in general
engineering.

Similarly, an NC milling machine with Continuous
Path Control will have a limited application in general
engineering since only 9% of milling components have
machined surfaces with a curved profile. However, a
contouring facility will allow certain components
with surfaces which normally would have to be
machined by turning, to be milled, e.g. flat plates
with a spigot. Hence the usefulness of a milling
machine with a contouring facility would be greater
than that suggested.

From factors such as these drawn from component
statistics and from other factors obtained from tech-
nical and marketing surveys, a suitable specification
was derived for the basic machine and the machine
variations necessary to satisfy the peculiar require-
ments of the individual customer.

From the start it had been decided that the only
economical way of satisfying the marketing criteria
for the specification, would be to design the machine
on a modular basis, especially as this concept of
design and manufacture has been used successfully by
the Company on its existing ranges of machine tools.

The term ‘modular’ or ‘unit’, is employed to
describe a concept in which each of a group of similar
or related products, comprises a permutation of
modules (units) selected from a specified range of
modules. In most cases, a module will consist of an
assembly, but could be a sub-assembly or, in an
extreme case, it could be a discrete component.

Modularisation constitutes a means of satisfying a
relatively wide range of market needs without having
to resort to the manufacture of individual custom-
designed products with their resultant high design,
development, engineering and production costs.

The object of modularisation is to make each
module in reasonable size batches. (In Marwin’s case,
these batch sizes can be extremely low as the
Company has its own comprehensive NC machining
facilities.) This is generally feasible because a module
may appear in numerous different machine variations,
and even when only one variation is needed it is the
modules peculiar to that variant and not the whole
machine that have to be made in correspondingly
small quantities.

The economy of production in quantity is
achieved not only at the machining stage, but also at
the assembly stage, where special facilities can be
provided for building its different modules in batches.
These batches of modules can be built simultaneously
rather than sequentially, and hence the complete
machine build time can be minimised since completed
modules can be assembled to the main structure
(Fig. 1). Each module can be inspected and tested off
the machine and any rectification necessary will not
disrupt the final build.

The reduction in lead time of machines built by
the simultaneous assembly of modules, reduces not
only the delivery time to the customer, but also
considerably reduces the work in progress and
improves profitability.

The satisfaction of Criteria S, in determining a
suitable machine specification proved to have an
unexpected and profound influence on the final
specification of the machine.

Although the estimated unit production cost of
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the machine initially conceived had been minimised
by ‘modularisation’, it became apparent that if a
single machine type only were to be marketed, there
would be insufficient demand to allow the design and
development costs to be amortised over an acceptable
period of time.

Therefore, in order to increase this demand, the
Company resolved to widen its specification and
market a range of basic machine types with associated
variations. This could only be feasible economically if
these basic machine types incorporated a high percen-
tage of common modules, thus minimising the
increase in the total design effort.

The Company also found it necessary to change its
basic thinking on the NC of the machine. Originally it
was hoped to ‘buy out’ the complete control package,
i.e. the cabinet, power supplies, machine tool logic
and the NC logic. However, negotiations with the
major NC system manufacturers proved that it would
be too costly to purchase the complete package.
Consequently, it was decided to buy out a ‘standard’
NC system logic only, and to design and manufacture
the cabinet, power supplied and machine tool logic
‘in house’. In this way, the cost of the complete
package for a basic 3-axis point to point control with
standard options was reduced from about five
thousand pounds (£5,000) to three thousand pounds
(£3,000).

The final machine specification given to the design
team included the following main parameters:-

1. Provision for both horizontal and vertical, single
spindle work heads and for an eight spindle
vertical turret head.

2. Basic machine to accommodate workpiece
envelope size 20 in. X 20 in. X 40 in., with pro-
vision for optional 20in. X 60in., 40in. X
40 in. and 40 in. X 60 in. worktables.

3. All worktables to be supported over their full
length of traverse.

4. Capable of supporting a workpiece in excess of 1
ton.

5. 10 hp power spindle drive for machining of cast
iron and ferrous alloys.

6. Basic machine to have manual tool change
facility with provision for optional automatic
tool change facilities.

7. A range of optional angular indexing and rotary
tables.

8. Basic manual spindle speed selection with
provision for automatic speed selection from
tape.

9. Basic machine to have full point to point NC on
three axes with provision for NC on indexing
tables etc., and provision for contouring option.

10. Basic machines and options including the NC
system to be built on a ‘modular’ basis, with the
maximum number of modules common to each
machine type.

11. The cost of the basic machine must be below
£10,000.

The satisfaction of these parameters caused two
major headaches in machine design.

The traditional approach to milling machine design
of supporting the worktable on ‘compound slide-



34 THE MODULA RANGE OF NC MACHINE TOOLS

ey

Fig. 1  Part of the Modula main assembly line

COLUMN—

Fig. 2 The main machine modules



D. GRINDROD AND G. FARNWORTH 35

ways’, severely limits the range of worktable sizes
that can be provided without altering the basic
machine. The Marwin approach to solving this
problem was to support the worktable directly on the
machine bed which is mounted on the floor (Fig. 2).
This means that the worktable traverses along one
axis only (the X axis), and both the worktable size
and traverse can be extended very economically by
merely increasing the length of the bed.

The other difficult design problem was the provi-
sion of the different work head configurations with-
out altering the basic design of the machine. The
breakthrough came with the concept of mounting
each work head on a ram (Fig. 2), which carries the
final drive to the work spindle. Although each ram
and headstock is an individual module, all rams are
supported by an identical carriage (saddle) which
provides the spindle drive.

Thus, there emerged a range or family of machine
tools, which the Company named the Marwin Modula
and Modulamatic range NC Machining Centres.

The term Modula is used to denote the range of
machines with a manual tool selection and change
facility. Modulamatic machines are similar but have
an automatic tool selection and change facility. The
diversity of end product is illustrated by the machine
specification offered to the customer (see Table I and
Fig. 3).

THE MACHINE STRUCTURE

A basic Modula machine tool consists of the following
main structural modules, as shown in Fig. 2.

Bed : (choice of 2 sizes).

Table : (choice of 4 sizes).

Column : (common on all machines)

Saddle : (common on all machines).

Ram & : (choice of horizontal, vertical
Headstock  or turret).

3 off Axis : (common on all machines).
Drive Motor
& Gearbox

A Modulamatic machine consists of the Modula
units with an additional tool change unit.

Bed and column

For quantity production, fabricated structures tend
to be more costly than castings and since Marwin
have their own foundry, full use has been made of
cast iron in the development of the main modules in
this range of machine tools.

The machine Bed is designed for rigidity and is
manufactured from close-grained, stress relieved cast
iron. The slideways are of a square form with narrow
guideways which are peripheral ground. A central
valley between the guideways allows clearance for the
X axis leadscrew. The leadscrew and guideways are
positioned to prevent crabbing of the worktable.

Large capacity longitudinal coolant troughs are
provided on each side of the bed. Provision is made in
the base of the bed for eight combined foundation
bolts and levelling screws.

The high rigidity required for NC machine tools
can be increased by using the foundation to supple-
ment the stiffness of the bed.

The column is made of a similar material to the
bed and has substantial internal ribbing for maximum
rigidity. A shallow well accommodates the axis drive
leadscrew and is located between narrow guideways
of a square form. The narrow guideways are peri-
pheral ground and designed to prevent crabbing of
the saddle.

The column is accurately located by spigot and
dowel and is bolted to the machine bed and is
provided with four combined levelling and found-
ation bolts similar to those on the bed casting.

Worktable
The four sizes of worktable are made of ribbed cast
iron and will support workpieces weighing up to
6,000 1b., together with the associated cutting loads.
Taper gib adjustment on the narrow guideway is
provided.

Slideways

One of the problems confronting the machine tool
designer is movement of slides, tables, columns, etc.,
on guiding surfaces. The basic requirements are:—

® Straightness of motion, which must be maintained
within close limits over long periods of service
under workshop conditions.

® Uniformity of motion, which must be maintained
even for heavy masses and very low speeds.

Providing that the initial form, accuracy and finish
of the mating surfaces are suitable, the satisfaction of
both these requirements demands a reduction of the
coefficient of friction to the lowest practical value.

In NC machine applications, it is particularly
important that the stick-slip phenomena should be
eliminated as far as possible to enable movement to
be imparted reliably in very small increments.

The problem has been tackled in various ways by
machine designers and solutions have been sought by
using roller bearings and hydrostatic lubrication.
Another and more economical approach to the
problem is the use of a dry bearing material to
remove the negative slope of the friction-velocity
characteristic.

One such material, Glacier D.U. has been used by
Marwin for several years with considerable success. It
has been found even under the most adverse condi-
tions of dirt and coolant, such bearings give trouble-
free use, and they have proved particularly useful in
coping with vibrations associated with heavy milling.
Under such conditions, the higher coefficient of static
friction aids the stability of the stationary slides and
with the high torques available from hydraulic servo-
drives it presents no problems on the moving slides.

Glacier D.U. is made up of three bonded layers; a
backing strip of steel; a middle layer of porous bronze
impregnated with a mixture of polytetraflouro-
ethylene (ptfe) and lead; and a surface layer, about
0-001 in. thick of the same ptfe and lead mixture.

In use, a film of the ptfe mixture is transferred to
the opposing rubbing surface and this film as well as a
thin surface layer on the D.U. is maintained through-
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out the working life of -the bearing. This material
combines the unique dry-friction properties of ptfe
with high compressive strength, good heat conduc-
tivity and excellent resistance to wear. Strips of the
material are attached to the table, saddle, keep plates
and gibs. The mating surfaces of the bed, the column
and the ram are ground for maximum life and effici-
ency of operation.

The positioning of the ptfe pads is illustrated in
Figs. 4 and 5.

FEED DRIVES

Marwin considered both electric and hydraulic drive
systems for the linear axis movements.

In general, electric motors have a low torque-to-
inertia ratio when compared with hydraulic motors
and, therefore, give a slower ‘response’.

Low inertia DC electric drive motors are being
developed and their price is falling. However, at the
time of consideration, electric drive systems cost
approximately 30% more per axis than hydraulic
systems. Therefore, a hydraulic feed drive system was
chosen for the machine.

Each linear axis movement on the machine is
obtained by means of a precision ground recirculating
ballscrew driven by a hydraulic motor via a reduction
gearbox. The gearbox includes a matched pair of
gears which allow adjustment to take up backlash.

The hydraulic motors are rated at nearly 7 hp and
can exert an axial thrust on the leadscrew of nearly
3 tons.

Feedback of each axis displacement is obtained by
measuring the leadscrew rotation with an optical
digitizer which is driven off the leadscrew by a
toothed belt. The motors are controlled by servo
valves and a tachogenerator provides feedback for the
velocity loop.

The feed rate can be varied from 0-1 to 98 in./min,
and the rapid traverse rate is 300 in./min.

The deadweight of the saddle gearbox and ram is
counterbalanced by a hydraulic cylinder.

A hydraulic power pack supplies oil at a pressure
of 1,500 lb/in? to the axis servo drive motors and
automatic drawbar (if fitted) and oil at a lower
pressure for the operation of the hydraulic counter-
balance cylinder, gear change selectors and agitation,
and other ancillary services.

The power pack is housed in a steel frame which
can be bolted directly to the column, thus enabling
the machine to be lifted as one unit. The heavy duty
contactors and switchgear panel are also incorporated
in the power pack framework.

SPINDLE DRIVE

The work spindle(s) is driven by a 10 hp constant
speed motor, through a 16-speed gearbox mounted in
the saddle. A two-speed motor can be fitted to
provide a selection of 32 spindle speeds.

Seven shafts, supported by ball and roller bearings,
carry hardened and ground gearwheels. Four
hydraulic rams activate the gear selection and a
further hydraulic ram activates the gear agitation.

All work spindle drives are taken from the gearbox
via 1:1 helical gearing to an involute splined shaft
mounted uppermost in the saddle. Only the final
workspindle gearing, mounted in the ram, changes
with the workspindle configuration. Motion is trans-
mitted from the saddle splined shaft to the spindle
final drive via a further pair of 1:1 helical gears. The
input gear is so arranged that it remains fixed relative
to the ram, and it slides along the splined shaft to
accommodate the movement of the ram.

The bearings and gears in the saddle are lubricated
with an oil feed. The final drive to the workspindle is
lubricated by a ‘micro fog’ unit which provides an air
and oil vapour. A machine interlock prevents spindle
rotation in the event of malfunction of this unit.

The spindle speeds are manually selected by
actuating a rotary distribution valve which supplies
high pressure oil to the hydraulic gear selector rams.
Automatic ‘jogging’ aligns the gears during selection
to ensure smooth and rapid changes. Spindle speeds
may be preselected during machining.

The horizontal workspindle is mounted in a
matched pair of preloaded, angular contact ball bear-
ings at the front of the ram and a matched pair of
roller bearings inside the ram. This bearing configur-
ation has been used successfully by the Company on
other machines with spindle speed applications in
excess of 4,000 rpm. The spindle is driven directly
from the splined shaft by 1:1 helical gears.

The vertical spindle is mounted in a smilar manner
to the horizontal spindle and is driven through a pair
of hardened and lapped spiral bevel gears, one being
mounted on the spindle itself and the other on the
final drive layshaft, which is driven by the saddle
splined shaft via the helical gears.

The cast iron turret carries eight alloy steel
spindles mounted in taper roller bearings. Each
spindle is provided with its own pair of spiral bevel
gears (in constant mesh), one of which is attached to
the spindle, the other carrying a coupling half. The
matching coupling half is incorporated in the end of a
final drive layshaft which is driven by the saddle
splined shaft via a 1:1 helical gear.

A precision toothed coupling locates the turret.
Half of this coupling is fastened to the turret head
and half to the ram. The coupling is separated by a
hydraulic cylinder and is rotated by a rack and index
gear. The rack is driven by a hydraulic ram.

TOOL CHANGING

The horizontal and vertical workspindle incorporates
positive tool retention, and rapid tool changing is
assured by the power drawbar fitted as standard. The
drawbar is a hydraulically operated type which
clamps onto a drawbolt fitted into the threaded end
of a standard arbor. When the ‘tool release’ button is
pressed the hydraulic ram moves forward and moves
the drawbar forward against the pressure of disc
spring washers. The tool retaining cams move forward
into a bored out section of the spindle, the cams
spring open and the tool is released. The machine is
normally supplied with sets of tool holders having
either 40 or 50 International taper shank, to facilitate
heavy milling and boring.
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The 8-position turret incorporates 40 International
spindle noses using quick release chucks.

The Modulamatic machines are fitted with an
automatic  30-position sequential tool change
magazine, a tool change arm, and spindle speed
control from tape as standard. A 40-position tool
magazine, random tool selection using coded shanks
are available as optional extras.

On both horizontal and vertical Modulamatic
machines, the tool changing facilities have been
designed to avoid the use of complicated mechanisms.
The two-position transfer arm simultaneously
extracts the tools from the magazine and rotates 180°
to return the tools to their new positions. Machining
is automatically resumed on completion of the tool
change cycle and the next tool required is positioned
whilst machining takes place. To ensure correct align-
ment of single point tools the workspindle always
stops in the same rotational position, and so that the
tool shanks of all tools are clean, compressed air is
blown through the spindle nose during the tool
change.

Cutting tools up to 6 in. (152 mm) diameter can
be accommodated.

CONTROL SYSTEM

The Modula and Modulamatic machines are provided
with both point to point and continuous path (with
linear and circular interpolation) control facilities.

Both types of system have been designed by
Marwin to reduce the proportion of the total machine
tool price accounted for by the NC system. The
company manufactures the complete control equip-
ment but incorporate the Plessey NC22 logic system
as a ‘bought out’ item. The use of existing proprietary
circuit logic boards gives a reliability, proved in
service, with a comprehensive international back-up
service and give the automatic, acceleration and
deceleration of axis movements without special
coding.

The NC system is designed with Transistor-
Transistor Logic (TTL) incorporating integrated
circuits, on a modular basis. Most machine functions
have a separate logic board and most of the optional
functions are back wired in.

The basic control system, which is a 3 axis point-
to-point type, can be supplied with linear and circular
interpolation to provide contouring facilities for the
more complex components.

The NC system specification includes the
following: —

Point-to-Point Contouring

Feedrates : 0.1 — 98.9 in/min 0.1 — 98.9 in/min
1 — 1999 mm/min 1 — 1999 mm/min
Rapid
traverse : 300 in/min 300 in/min
7.6 m/min 7.6 m/min
Resolution : 0.0001 in 0.001 in
0.002 mm 0.002 mm
Code : ISO or EIA Format ISO or EIA Format
Programming : Absolute + Incremental (slope
& arc mode only)
Tape reader
speed : 250 ch/s 250 ch/s
Standard 3-axis mirror image; full floating zero
features : shift all axes; manual data input;
machine zero locate; rapid, incremental
and feed jog modes.
Optional
extras : 3-digit sequence number display; tape

search; incremental programming;

cutter length and diameter compensation;
switchable position readout; switchable
ISO/EIA Format; plane switching
(contouring system only). Imperial/
metric switching.

CONCLUSIONS

This range of machine tools is leading Marwin’s attack
on the general engineering markets of the world
during the early 1970’s.

Buyers in general engineering will have the oppor-
tunity of getting into three axis numerical control at
a modest figure with a machine having serious milling
ability with 10 hp at the spindle.

Looking into the future the Modulas must surely
play an important role in the development of
manufacturing systems with Direct Computer Control
becoming a practical reality before 1980.
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Fig. 5

D. GRINDROD AND G. FARNWORTH

Fig. 4 A worktable on the gibs fitted with PTFE bearing pads

View of the saddle drive shaft and the PTFE bearing pads of a Modula machine
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DISCUSSION

Query from 1. S. Morton

Fig. 4 appears to show that the PTFE-impregnated
parts occupy only a small proportion of the total
slideway area. Could the authors indicate the unit
loading values involved (in, say, 1b/in?)?

It is stated (under slideways) that contamination
by coolant presents no problems. Presumably, how-
ever, its presence must reduce the general friction
land to some extent. Can it be concluded that the
ratio of static to kinetic friction (u/k) nevertheless
remains sufficiently constant to leave stick-slip charac-
teristics unchanged?

Reply

For the PTFE bearings used on the Modula worktable,
the unit load limit is 2000 1b/in® for more than 107
load cycles. The twelve pads shown in Fig. 4 carry
such a small unit load that the area of material used is
not controlled by this factor.

The small quantity of cutting fluid reaching the
slideway bearings has not materially affected the

stick-slip characteristics of the slideways on a wide
range of Marwin NC machines fitted with this type of
bearing over the last 6 years.

Query from H. E. Hefford, A. A. Jones and Shipman
Ltd.

Please comment on your use of hydraulic drive
elements for slide propulsion as offered, to DC
electric drive units (as on the RC1250 machine men-
tioned in another paper).

Reply

Hydraulic drive elements have been used by Marwin
on all their NC machine tools. This experience,
together with a distinct cost advantage at the develop-
ment stage of the Modula range, led to their specific-
ation for these machines. The drive system may be
reconsidered when DC motors offer acceptable
technical and economic advantages.



MACHINE TOOLS—-THE TOTAL CONCEPT

by

C. A. SPARKES

INTRODUCTION

According to the most reliable statistics at present
available, there are approximately one million metal
cutting machine tools installed in this country. Based
on a sample of several engineering companies, their
written down value averages approximately £1000
per machine. It is, thus, reasonable to suggest that the
total investment in machine tools in this country is in

the region of £1 000 000 000. As there is evidence to

indicate that the most efficient of these may be oper-
ating only in the region of 70% utilisation, while at
the lower end this figure is nearer 15%, it would seem
that the majority of machine tools are being used in
the lower bracket and a figure of 25-30% would
appear to represent the national average. On this basis
some 600—700 million pounds’ worth of machine
tools are not removing metal even if they are being
fully manned for the present 40 hour week. Clearly
this low level of efficiency is undesirable not only
from the point of our capital invested but also the
work in progress, stocks, stores and, in fact, every
aspect of the national economy.

The argument offered by most managements is
that they do not have large numbers of components
to deal with and, in most cases, only single ones are
required. However, as this situation applies to the
majority of companies, it only serves to strengthen
the case for a full investigation into methods of
improving the present position. There appears, in
fact, every reason for a greater proportion of the
existing expenditure being devoted to research into
non-cutting in preference to the cutting areas of
machine tools. Obviously even the slightest improve-
ment in this region would bring immense benefits to
all manufacturing industries.

Although the author does not claim to have any
positive solutions to the many problems involved, he
hopes that by examining and discussing the present
floor-to-floor times for machining components in
relation to the actual metal removing times, some
action may be taken to find a new approach to this
subject. A selection of estimated cutting time studies
are given in the appendix attached to this paper.

Time studies
From the available data it would appear that the

problem is equally important when considering a
simple centre lathe, a drilling machine or the most
sophisticated type of machine tool. For example, a
modern machining centre, complete with automatic
tool changing, is producing lathe headstocks in
approximately 270 minutes compared with the
previous time of 600 minutes. Nevertheless there are
roughly 2000 items of information required to com-
plete this operation so that a saving of only one
second per item means a reduction in floor-to-floor
time of over 30 minutes. This does not include the
possible saving that could be achieved by improved
loading and unloading, clamping, cleaning, setting and
component design. In actual fact, the metal removal
time in this case is only 160 minutes. It might be
useful for all time studies to give not only the floor-
to-floor period but also the actual time the cutting
tool is specifically removing metal. This at least
would highlight the aspect of the subject should this
be necessary.

Machine toel design

Whilst appreciating the difficulties of designing
machine tools to meet all types of operating condi-
tions, it is essential that the designer considers his
machine as part of the total manufacturing concept.
This must include the general layout of the machine
so that it occupies a minimum amount of floor space
and allows a factory layout suitable for the best poss-
ible work flow, both to and from the final position of
the workpiece on the machine. If the machine
requires electrical control cabinets, hydraulic units,
air filters, coolant systems and measuring arrange-
ments, these should be carefully sited to give the best
conditions and preferably occupy a minimum of floor
space. Although many modern machine tools already
meet these requirements, there are nevertheless a
number of examples of units which are scattered
around, utilizing valuable floor space and, more
important, limiting the possibilities of arranging opti-
mum work flow to and from the machine. In cases
where automatic loading is not a feature of the oper-
ation, there is an excellent opportunity for improving
loading times by the use of built-in lifting facilities
rather than compelling the operator to rely on the
normal workshop cranes, Even in cases where indivi-
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dual components weigh only as little as 10—15
pounds, with a 10 minute time cycle the operator is
lifting or loading over 3 tons of work per 40 hour
week. A great deal of thought has been given to the
problem of worktable or centre heights being
designed to the most suitable level at which manual
loading of the components is regarded as the only
satisfactory method. Here, unfortunately, the
designer has to try to satisfy the requirements of tall
operators and, at the same time, provide a convenient
height for shorter operators. There is no doubt that
many existing machines would benefit from a re-
examination of their present position.

On certain machines, placing the component in the
correct position on the worktable can be an
extremely lengthy process. Perhaps some further
thought ought to be given to the use of more built-in
sensing devices for this purpose. For many years most
drilling, milling and boring machines have been
designed with conventional tee-slotted tables onto
which the components or fixtures are clamped.
Present surveys indicate that in certain cases this may
not be the best arrangement and alternatives should
be sought. There are, of course, other ways of holding
the component, for example, by the use of platen
loading, but these are not always the complete
answer.

There is no doubt that the machine tool designer
should also consider the serious problem of how to
provide an always clean worktable surface, and one
which does not contain raised surface irregularities
which make for an inaccurate location of the compo-
nent. Clearly these are problems which should gener-
ally be dealt with at the design stage; the question is
how?

Considering the air and hydraulic, or even elec-
trical services which are now generally part of the
modern machine tool, it is proposed that far greater
use of one or more of these could be made for clamp-
ing and unclamping the component. Further, as is
already provided in some of the most modern designs,
why should these devices not give the correct pressure
so as to avoid distortion of the workpiece, not only
during roughing but also automatically, at reduced
pressure, for the final machining operation. Possibly
more built-in gauging and checking of the component
before it leaves the machine could be incorporated.
Even better, why not arrange for more gauging to
take place during the actual machining operations, an
idea which, on a number of machines, is the accepted
method today.

A careful study of most operators using their
machine tools suggests that they are constantly trying
to see the point of contact between the cutting edge
and the workpiece material. This is often difficult but
important in most machining operations. It would
help, therefore, if in certain cases greater use would
be made of miniature closed-circuit T.V. with a small
screen built into the pendant or control panel, similar
to the devices now fitted to some large machines.

While this paper is deliberately not concerned with
actual metal removing operation of the machine, it is
not intended to suggest that this aspect be completely
dismissed when the total machining concept is con-
sidered. Any possible improvements in this area

should be incorporated by the designer whilst
attempting to include some of the suggestions to
reduce non-cutting times. At this stage it might be
important to mention that the time studies referred
to earlier were generally only estimated and not
actually obtained on the factory floor. It was con-
sidered advisable therefore to carry out a number of
tests on components being machined.

The first example was a normal centre lathe. A
simple workpiece of sufficient complexity to be.
representative of a typical engineering item provided
the first example. The floor-to-floor time was 15
minutes and the metal removing time 3 minutes,
representing a cutting percentage of 20%. In the case
of an operation on a conventional 4 ft radial arm
drilling machine, a floor-to-floor time of 16 minutes
included a total drilling time of 3 minutes, giving a
percentage of cutting time to non-cutting time of
19%. As an NC-type control turret drilling machine
was available in the same factory, it provided a useful
example of a modern type of machine tool. Here the
floor-to-floor time of a relatively simple component
was 60 minutes and the actual cutting time 20
minutes, giving a percentage of 33%. In this case no
account is taken of the time to prepare the tape
which, of course, is normally done independently.
However, experience in the use of NC machines indic-
ates that, even for the simplest of components, a dry
run of the tape on the machine is essential if errors
are to be discovered before the workpiece is scrapped.
A proportion of this time must, of course, be added
to the non-cutting time as this may be a major item
on ones off or even on small batch quantities.

The next machine to be checked on the factory
floor was a normal Universal Horizontal Boring
Machine fitted with punch-card control for the
vertical and cross movements. During this test a cast
iron unit was machined, which required a crane to lift
it on and off the machine table. In addition to the NC of
the two traverses, the machine had automatic clamp-
ing and unclamping for the slides and the headstock,
as well as a special hydraulic tool releasing mechanism
in the spindle nose. However, with all these modern
facilities the floor-to-floor time was 30 hours and the
actual cutting time 9 hours, giving a percentage of
30%. Two further machines were checked, namely a
screw-type broaching machine capable of operating a
3 in diameter spline broach, on which the cutting
time showed a percentage of 18%, and a conventional
cylindrical grinding machine for grinding machine
tool spindles from 3—6 in diameter and 10 ft 10 in
long, for which the percentage was found to be 20%.

The trend towards Machining Centres, where
different operations can be carried out on a single
unit, has provided a new approach to the idea of the
total machining concept. This trend is also encourag-
ing the designer to look at the problem with a view to
developing a type of machine tool which is capable of
being integrated into a factory layout so as to provide
for the most economical receipt and despatch of the
component. While this new and important trend
should be continued, it would be a most valuable
contribution to the national economy if some fresh
thought could be given to existing plant and
machinery.
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Components

Few will question the idea that the design of many
components leaves much to be desired from the point
of view of handling them in production. This, of
course, is again a question of long-term policy. At
present there are many existing cases where the provi-
sion of a simple face or flange would help to reduce
the assortment of nuts, bolts, washers and various
items of packing which only too often adorn the
normal machine shop. Locating surfaces could also in
many instances be of valuable assistance to the
operator when setting his machine. When providing
these clamping and locating faces it is, of course,
essential to place them in such a position that the
component sustains a minimum of distortion during
the clamping and machining operations. It is well
known to be most difficult if not almost impossible
to bore a round hole with a clamping screw placed
directly over the centre of the bore.

Factory layout

Maximum benefit is always achieved if the machining
process is fully integrated into the work flow pattern.
However, until such time as all machines are designed
to meet the ideal conditions it is worth while review-
ing this area of the non-cutting times.

Many present-day machines with filters, coolant
and other units placed around them in positions that
make work flow difficult, can sometimes be re-
arranged to allow for easier access to and from the
machining area. The storage of unmachined and
machined parts, and the loading and unloading facil-
ities can be sited to give the best work flow path to
the cutting position, with the cutting tools and acces-
sories conveniently placed to suit the operator. When
factories are specially designed for the use of transfer
lines and similar layouts for mass production, these
conditions are taken into account in the early plan-
ning stages. The present difficulty lies in the need for
deciding what can be done with the existing equip-
ment in the many thousands of workshops which are
engaged on batch or single component production
and which at present form the backbone of this
country’s engineering industries. In some factories
there is even a need for improved swarf removal
systems in relation to the general layout of the
operating area.

Loading and lifting

Either at the design stage, or as a first operation, most
components benefit by being arranged with built-in
lifting holes, flanges or devices which greatly assist
their handling and machine loading. Often, many
components are slung or handled differently at each
operation or machining station with a consequent loss
of time. The importance of this is clearly illustrated
by a study of workshop practices, which shows that
the loading and lifting of many components is the
major factor during the non-cutting period. The work
flow pattern is, in fact, considerably improved when
certain machines have their own lifting or transport
arrangements. Future machine tools will no doubt
have these lifting and loading arrangements designed
into the general configuration. Ideally they should be
automatically operated, using perhaps some form of

mechanical man which could be programmed to suit a
comprehensive range of workshop conditions.

Tools and tool clamping

The area around many machine tools which is not
occupied by workpieces is all too often littered with
tools and spanners, together with an assorted array of
nuts, bolts, washers and other items of packing which
the management hope may one day be used for
clamping or supporting components on the machine.
Although much thought has been given to this matter,
it should be possible to find an improved method of
storing these tools and tool equipment, accessories
and sundry items. There is also the serious problem of
lifting and loading the heavier tools from the machine
spindle or tool location area. A recent investigation of
a large twin-table machining centre, complete with
automatic tool changing, showed that at its present
production rate, the weight of tools being loaded into
and out of the machine per 40 hours is approximately
4 tons. This obviously would have been a most fatigu-
ing task if these tools had to be manually loaded by
the operator. While it may be difficult to fit every
existing machine with automatic storage and tool
clamping mechanisms, this matter is certainly of suffi-
cient importance to rank high on the list of priorities
for further original thinking and research while, at the
same time, continuing with the development of a
number of excellent arrangements which are already
available. After the tool or tool holder has been fitted
into the spindle or on the supporting face, time is
often lost in clamping these into position with suffi-
cient effort to resist movement during cutting and
without distorting the accuracy of the tool setting.

Datum setting

Too often, rapid traverse rates, positioning times and
approach speeds are accepted as being those which
have always been considered as satisfactory for a
particular type of machine. However, as these can,
and in most cases actually do, represent an important
factor in the non-cutting time, there is an urgent need
for maximum traverse rates to be considerably
increased. Before this can be done, however, the
limiting factors must be investigated in each case.
Many new designs are, of course, already provided
with better facilities, but at the same time many
existing machines could no doubt be improved at a
reasonable cost.

With regard to devices which are being developed
in the field of datum setting, the following is an inter-
esting example. A simple proximity mechanism which
allows a display to be presented to the operator,
indicates the exact location of a face or bore in rela-
tion to the machine tool spindle. A radio or inductive
link between this spindle device and a remote meter is
placed conveniently on the machine tool. This type
of device offers the possibility of connecting the
signal with a control mechanism on an NC machine,
thus providing an automatic setting arrangement.
Many new designs are of course already provided with
such or similar facilities. However, it is believed that
large numbers of existing machine tools could be
improved by the fitting of some simple and reason-
ably priced datum setting devices.
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Feeds and speeds

The use of drives with infinitely variable, mechanical
and hydraulic gear boxes has considerably reduced the
time for changing the feeds and speeds on most
modern machine tools. However, a recent time lapse
film suggests that there is a need for more reliable
information on the most suitable arrangement of
machine tool controls. Whether this should be in the
form of a pendant, console or some new method,
must be carefully studied before a decision can be
taken.

Speed and feed changes in machines with full NC
control and automatic tool changing are at present
determined by the Planning Office. Nevertheless the
timing and calculations in the programme can have a
marked effect upon the non-cutting period. A recent
experience on one of these machines illustrated the
difficulty of programming for maximum approach
traverses, combined with the minimum distance
between the workpiece and cutting tool, before the
actual cutting feed rate was engaged. This is often
complicated by the speed of the table rotation when
presenting a new face for machining and particularly
by the shape of the component itself. Here there is a
need to develop some form of simple simulator which
could be used by the Planning Office when preparing
new programmes for machining centres.

Clamping

As mentioned previously, the question of clamping a
component is largely determined by its shape. There
are many excellent examples of machining fixtures
with first-class locking and clamping devices already
built in, in which the whole arrangement is auto-
matically controlled and designed into the machining
cycle. Unfortunately, a present, this can only be justi-
fied in factories engaged on mass production or large
batch quantities. What is needed for the general
engineering workshop is perhaps some inexpensive
form of encapsulating components so as to provide a
simple and accurate locking and clamping face to the
work-holding area. Maybe this approach could be
similar to the idea recently introduced in the broach-
ing field for the production of aircraft components.
Here workshop transport was facilitated and accurate
workpiece position ensured during machining oper-
ations which consisted of broaching and deburring in
an 8-station automated line. The cycle time in this
case was reduced from 500 to 30 seconds per work-
piece, mainly due to the higher broaching speeds that
were made possible by the improved holding facility.
A further feature of this particular machine was the
use of an instantaneous histogram type of display for
in-process gauging. Measured values of the blade
dimensions are punched on paper tape and then dis-
played, thus monitoring the dimensions of the last
100 components to give an accurate indication of
broach wear.

The metal used for encapsulation is a tin bismuth
eutectic with a dimensional stability of about 0-02%
during a period of 1000 hours after casting. This type
of metal is also being used successfully for reinforcing
a thin-walled tube during a milling operation.
Whether or not this method can be extended for
more general use is, of course, a matter for further

investigation, but in view of the improvements
achieved, further thought in this approach would
appear to be fully justified. There are, of course,
many examples of independent air or oil clamping
and locking units which can be fitted on to angle
plates or box fixtures and are thus capable of catering
for a variety of component types. However, if these
are connected by flexible pipes to improve their
versatility, it has been found that under the action of
the cutting forces these connections tend to distort,
with a subsequent loss of clamping pressure. Apart
from a long-term policy of redesigning components
which allow for easy accurate location and satisfac-
tory clamping, there is a dire need for some new
approach to the problem of workholding systems
which are simple, reliable and not too expensive.

CONCLUSIONS

When attempting to be very critical on any subject,
there is always the danger that the uninformed may
draw the wrong conclusions and imagine that little or
no progress has been made with the problem under
examination. There is no doubt that some excellent
examples exist, some of which were mentioned at the
International Congress for Metalworking at Hanover
last September. Furthermore, recent machine tool
exhibitions bear witness to the industry’s progressive
approach and adaption of new ideas, not only in the
basic models, but also in machines and control
systems which are to be used in a totally integrated
factory. The modern trend towards the partially or
fully integrated workshop naturally covers many of
the points referred to in this paper. In the meantime
there still remains the national and international
problem of improving the very low efficiency of
many existing manufacturing plants.

A general review of the many new approaches to
design and production illustrates the impact of the
comprehensive range of research and development
projects which have been undertaken by the machine
tool industry and the various Universities and
Research Establishments. Studies in group tech-
nology, designing for production, value engineering,
swarf removal and the use of computer systems for
stock and production control, are just a few of the
new techniques that, suitably adapted, might be of
value to existing general engineering workshops.

The advent of the simple readout system has been
invaluable in reducing slide and worktable setting
times. Equally important is the housing of a display
unit to be located in the most convenient position to
suit the operator. Useful progress has been made on
loading and clamping devices for many machines, but
from the evidence available there is still far too much
time lost during the non-cutting cycle because suit-
able devices for all conditions do not yet appear to be
available.

Following the machining of a component there is
often, in the case of medium or large size workpieces,
the question of inspection and handling. If, however,
suitable care is exercised, a readout device has the
advantage of allowing the component to be checked
on the machine with a considerable saving in the total
machining cycle time. Without a doubt a great deal of
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information is available, and many modifications are
possible that could be of assistance in improving the
efficiency of factories engaged on the production of
single components or small batch quantities.
Although there are many interesting and valuable
methods of holding components onto worktables,
they do not yet appear to cover the needs of single or
small batch production in the general engineering
workshop. Here some new approach is urgently
needed; an approach which is simple, inexpensive
and, if possible, incorporates suitable lifting points. A
solution to this problem would be of considerable
assistance in reducing the non-cutting period of
manufacture. Furthermore, it should bring a substan-
tial reward to its inventors whilst at the same time
improving the national economy by making possible a
better utilization of the nation’s one million machine
tools.

Finally, the author would again emphasise that the
principal objective in preparing this paper was not so
much to criticise existing practices but to encourage
discussion by calling attention to the magnitude and
seriousness of the problem of non-cutting times in
some machine shops.

APPENDIX

TYPICAL PRODUCTION TIME
ANALYSIS FOR BORING MACHINE

KEARNS-RICHARDS 'S TYPE WITH VERNIER SCALES.

HEAT EXCHANGER

TIME [SECONDS]

LOAD & UNLOAD 30
CUTTING 72
TOOL CHANGING -
POSITIONING 30
GAUGING 60
TABLE INDEXING 80
TOTAL 272
CUTTING/ TOTAL TIME 26'5%
Fig. 1

TYPICAL PRODUCTION TIME
ANALYSIS FOR BORING MACHINE

KEARNS-RICHARDS MODEL YU’ WITH READ OUT.

AXLE BOGIE
=
TIME [MINUTES]

LOAD & UNLOAD 80

CUTTING 59

TOOL CHANGING 13
POSITIONING 3

GAUGING 4

TABLE INDEXING —

TOTAL 59

CUTTING/ TOTAL TIME

Fig. 2

TYPICAL PRODUCTION TIME
ANALYSIS FOR BORING MACHINE

KEARNS-RICHARDS 450 MODEL WITH NUMERICAL
CONTROL, TWIN TABLES AND AUTOMATIC TOOL CHANGER

LATHE HEADSTOCK

TIME [MINUTES]
LOAD & UNLOAD -

CUTTING 166
TOOL CHANGING 65
POSITIONING 35
GAUGING -

TABLE INDEXING 6

TOTAL 272

SE——

CUTTING/ TOTAL TIME 61-0%o

Fig. 3
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TYPICAL PRODUCTION TIME

ANALYSIS FOR BROACHING MACHINE

STAVELEY LAPOINTE SRV. 20/ 66
2"
us

TIME [SECONDS]
LOAD, PLUNGERS IN.
PRESS BUTTONS
EXPANDING MANDREL ON.
CUTTING
EXPANDING MANDREL OFF.
REMOVE PARTS
BROACH RETURN

20

“,{‘,,owm NN o

TOTAL

CUTTING/TOTAL TIME 47-5%o0

Fig. 4

TYPICAL PRODUCTION TIME
ANALYSIS FOR BROACHING MACHINE

10 x 42 SRV.

STAVELEY LAPOINTE

SHAFT CLUTCH RELEASE

TYPICAL PRODUCTION TIME
ANALYSIS FOR BROACHING MACHINE

STAVELEY LAPOINTE. 50/90 DR.V.

3.625"

CALIPER

TIME [SECONDS]

R.H.SLIDE CUTTING (56)
UNLOAD/RELOAD 2 STATIONS 86
RH.TABLE QUT/L.H.TABLE IN. 4
L.H. SLIDE CUTTING (56)

UNLOAD/RELOAD2 STATIONS 86
LH.TABLE OUT/RH.TABLE IN 4

TOTAL 180

CUTTING / TOTAL TIME 62:5%0

Fig. 6

TYPICAL PRODUCTION TIME ANALYSIS
FOR AUTOMATIC EXTERNAL GRINDING OPERATION

(CHURCHILL ‘CA MODEL)

TIME [SECONDS]

LOAD 5
PUSH START BUTTONS |
CLAMP FIXTURE,TABLE IN 3
CUTTING 175
TABLE OUT, UNCLAMP FIXTURE. 3
RETURN STROKE,UNLOAD 65
TOTAL 36
CUTTING/TOTAL TIME 49 %o
Fig. §

STOCKON DIA-010 012"
WHEEL HEAD HP-20
Y z < 4 NPROCESS GAUGE-Maseos
A —in e 1\ ENOWISELOCATION-Marpos
- MATERIAL - EN33C.H.
FINISH — 12A CLA.
'_; TOTAL TOLERANCE - -0002"
TIME (SECONDS)
HAND LOAD ONTO VEE CRADLES 5
TAILSTOCK AND ENDWISE LOCATION 6
WHEEL AND GAUGE ENGAGEMENT 2

GRIND (INCLUDING 5 SEC.DWELL)

TAILSTOCK RE TRACTION AND UNLOAD

20
WHEEL AND GAUGE RETRACTION 2
S
AVERAGE WHEEL DRESS PER COMPONENT 3

TOTAL 43

.". GRINDNG/TOTAL TIME 46°S %o

Fig. 7
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TYPICAL PRODUCTION TIME ANALYSIS FOR AUTOMATIC
INFEED GRINDING OPERATIONOF A HEADED COMPONENT

CHURCHILL CENTRELESS GRINDER .

GRINDING WHEEL
— e
"
42 mm. : ,g STOCKONDIAMETER  O-2MM.
o 3 WHEELHEAD MOTOR 20 HP.
' MATERIAL EN2E
; FINISH 12MCLA.
CONTROLWHEEL
PISTON
TIME CYCLE [SECONDS
AUTO EJECTION OF GROUND COMPONENT 12
AUTO LOAD UNGROUND COMPONENT 2
RAPID ADVANCE OF HEAD(BITOGRINDINGPOSITION |
GRIND AND SPARK OUT 5

RAPIO RETRACTION OF HEAD TO WORK 112
EJECTION POSITION

9

THE GRINDING WHEEL IS REDRESSED APPROXIMATELY
EVERY 250 COMPONENTS TAKING 2 MINUTES, SAY

| SECOND PER COMPONENT,

.. GRINDING TIME IS 50%0 OF TOTAL TIME

Fig. 8
TYPICAL PRODUCTION TIME ANALYSIS

FOR AUTOMATIC EXTERNAL GRINDING OPERATION
CHURCHILL TW B MODEL

80'FACE LENGTH

STOCK ONDIA  Omos4”

3 WHEELHEADHP 40
g 31  nNocauce
2 ] K MATERML cHILLEDRON (29 )
FINISH ISACLA.
TIME_[MINUTES)
CRANE LOAD 9
MACHINE PREPARATION 5-0
GRIND - WORKHEAD END RE-SHAPE 75
GRIND-TAILSTOCK END RE-SHAPE 75
GRIND-ROUGH 10 }35-5
GRIND-SEMI ROUGH- 30
GRIND-SEMI FINISH 35
GRIND - FINISH 13
BREAKDOWN FOR UNLOAD 4
UNLOAD 85
TOTAL

il

‘. GRINDING/ TOTAL TIME

Fig. 9

TYPICAL PRODUCTION TIME ANALYSIS FOR
AUTOMATIC INTERNAL GRINDING OPERATION

CHURCHILL 'HAA MODEL

STOCKONDIA. — 008/-010"
< WHEELHEADHP — SHP
;E DIAMOND SIZING — NOGAUGE
- MATERIAL — En43B
FINISH — 124CLA.
TOTAL TOLERANCE — -0005
075
/
TIME [SECONDS]
HAND LOAD & CHUCK GRIP 4
WHEEL ENGAGEMENT 15
GRIND (INCLUDING 7 SEC DWELL) 27
WHEEL DRESS 5
WHEEL DISENGAGEMENT I'5
UNLOAD 3
TOTAL E

GRINDING/ TOTAL TIME 6459

Fig. 10

TYPICAL PRODUCTION TIME ANALYSIS
FOR AUTO. THRO' FEED GRINDING OPERATION
OF A CASE HARDENED PARALLEL PIVOT PIN

ON A CHURCHILL CENTRELESS GRINDER

STOCK ON DIAMETER -oo8’
%,,, -,\,mrg WHEELHEAD MOTOR 25HP
MATERIAL EN33CH.
) FINISH 1oMCLA
4 ] ROUND & PARALLELTO  -00O!"
SIZE WITHIN -0003"

PIVOT PIN

AUTO FEEDING WITH VIBRATORY
BOWL FEEDER & A SHORT
CHAIN CONVEYOR

PASS RATE 7 O PER MINUTE
2 PASSES

WHEEL DRESSING AVERAGED 5 MINUTES PER HOUR
GRINDING TIME IS 92°0 OF TOTAL TIME

Fig. 11
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DISCUSSION

Query from Prof. Dr.-Ing. G. Spur

What do you think about automatic planning and
programming of NC and conventional machines? 1
think this must be included in a total concept of
machine tools.

Reply

I fully agree with the suggestion that automatic
planning and programming of NC and conventional

machines should be included in the total concept of
machine tools. Clearly, this approach would eliminate
many of the problems I have mentioned in the paper.
Nevertheless there are many large and small com-
panies, who already have a considerable proportion of
their plant and machines relatively old in design. On
these, the proportion of time the cutting tool is in
contact with the work is extremely small, and I
believe it is in this field that we might improve the
general efficiency of these factories.
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ON THE ISOSTATIC COMPACTION AND HYDROSTATIC EXTRUSION
OF IRON POWDER

J. M. ALEXANDER¥* and D. R. QUAINTONY}

SUMMARY

This work is a continuation of research at Imperial College into the feasibility of producing viable products from
iron powder, without sintering. Further experiments have been carried out to establish the relationship between
pressure and density in isostatic compaction and the effect of the back pressure in fluid-to-fluid extrusion of the
compacts. The possibility was also investigated of using the design of double reduction die, proposed by Fiorentino
and his colleagues at Battelle Memorial Institute, to eliminate the need for fluid-to-fluid extrusion of these

brittle compacts.

INTRODUCTION

It appears that little experimental work has been
carried out on the hydrostatic extrusion of green
metal compacts, whereas cold isostatic compaction
of metal powders is becoming a well established
procedure. It seems natural to try to link these
processes, which require similar equipment, parti-
cularly if it would thereby be possible to eliminate
the sintering process in some cases.

Isostatic compaction has several advantages over
mechanical die or ram compaction, mainly owing to
the pressure being applied uniformly and simultane-
ously to all external surfaces, which thereby
produces a reasonably uniform density throughout
the volume of the compact. A prerequisite for high
density would appear to be the use of a powder
composed of a wide range of particle sizes, to
ensure the maximum filling of the voids between
the larger particles. Irregular shaped particles would
also ensure high strength due to mechanical inter-
locking between particles and large areas over which
cold welding can occur. A comprehensive review of
the isostatic compaction of powders is given by
Morgan and Sands’, in which reference is made to
the work of Balshin, Konopicky and Heckel®.
Heckel developed an analysis based on a relationship
proposed by Konopicky, namely that

1
— =
tn 5 =KP+4 (1)

where D = relative density of the powder compact
(ie., the ratio of the specific density of the

compact to that of the material without voids), P =
applied pressure, K and A are constants.

The data obtained from several powders (e.g.,
iron, copper, nickel and tungsten) reveal that the
proportionality proposed by Konopicky between
2n 1/(1-D) and P exists above about 25 000 lbf/in®.

y
nl =KPs+A
o

B=A-ln1_D.

ln—‘-

1-D.

Fig. 1

Below that pressure there is an initial curved
portion as indicated in Fig. 1. Thus the constant 4
is given by

1
1-D,

A= + B 2

*Professor of Applied Mechanics, Imperial College, London

tPostgraduate Student, Imperial College, London
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where D, is the relative apparent density of the
powder with no pressure applied and B is a measure
of the densification which takes place at low
pressures before appreciable interparticle bonding
takes place and the relationship becomes linear
(assumed to be associated with the plastic deform-
ation and cold welding of the powder particles).

The process of simple hydrostatic extrusion is
now well known and will not be described. The
equipment used in the present series of experiments
for fluid-to-fluid extrusion has been described previ-
ously by Alexander and Thiruvarudchelvan®, and is
shown diagrammatically in Fig. 2. This equipment
incorporates a constant-pressure relief valve to main-
tain constant back pressure. As alternatives, the
fluid into which the billet is extruded can itself be
made to extrude a soft billet, so as to maintain its
pressure constant, or the billet can be extruded
directly into a soft metal billet which is allowed to
extrude at a known pressure through a die. Both
methods have been used by Oyane et al*.

In the simple hydrostatic extrusion of iron
powder, isostatically compacted to 103 000 lbf/in®
(46 tonf/in?) Alexander and Dove® were able to
produce sound products at an extrusion ratio of
6-75. Based on the results of Pugh and Low® for
molybdenum metal, and Nilsson’ for aluminium
powder, they identified four zones as follows:

Zone A—transverse cracking,

Zone B—both transverse and longitudinal crack-

lng’

Zone C—longitudinal cracking,

Zone D—sound products.

These preliminary results showed that transition
occurred through Zone A to Zone D as extrusion
ratio is increased. Nilsson’s results indicated that the
superposition of a back pressure reduced the extru-
sion ratio at which these transitions occur, although
Pugh and Low’s results had earlier indicated that
sound products could be produced at low values of
back pressure and extrusion ratio, and that a maxi-
mum back pressure was required to prevent cracking
at an extrusion ratio of about 2-0. The density of
the green isostatically compacted iron powder was
found to rise from 7-23 to 7-45 g/cm? after hydro-
static extrusion through a ratio of 6-75.

Oyane et al.* hydrostatically extruded sintered
copper powder without cracking at ratios greater
than 27 (without back-pressure), and at ratios of
2-0 with a back pressure of about 20 000 Ibf/in®.
(89 tonf/in?) all at high speed. At low speed, at
extrusion ratio 20, cracking was not suppressed
even with a back pressure of 229 tonf/in?. Hydro-
static extrusion of magnesium metal and an
aluminium-copper-silicon casting alloy (both brittle
materials), using the solid back pressure equipment
already mentioned, confirmed Pugh and Low’s find-
ing of a maximum critical back pressure to prevent
cracking, occurring between extrusion ratios of 2:0
and 3-0.

In all this type of research, the effect of sheath-
ing the billets is of some importance. Bridgman®
found that fracture of brittle materials stretched
under high pressure was prevented by sheathing,
which can help prevent penetration of the fluid into
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Fig. 2 Hydrostatic extrusion apparatus—back pressure set-up.
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the surface pores of the specimen. This behaviour is
dependent on the mechanical properties of the
sheathing material, of course, and Chandler® found
that many of the more obvious sheathing materials
such as vulcanzied natural rubber, neoprene and sili-
cone change their mechanical properties abruptly
over a narrow range of pressure; for example,
Young’s modulus changes by a factor of about 1000
as shown in Fig. 3. Chandler found that PTFE coat-
ing tended to be washed off by the pressurizing
fluid, lacquer cracked, copper plating was appar-
ently not thick enough, whilst rubber and a mixture
of ‘Evostick’ and methyl-ethyl-ketone gave the
greatest increases in ductility of his specimens.
Pugh!® also found that latex rubber could be used
for sheathing cast-iron specimens successfully.

%
g
-
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YOUNGS MODULUS — 1k
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140 x10?

PRESSURE — tons fint

Fig. 3 Pressure dependence of Young’s modulus of several
rubbers at room temperature.

Alexander and Dove® found that the fluid per-
meated throughout the whole structure of an iron
powder compact which had been compacted at a
pressure of 74 000 Ibf/in? (33 tonf/in®) to give a
relative density of 86-6%, whereas no permeation was
apparent in specimens compacted at 103 000 Ibf/in2
(46 tonf/in®) to 92% relative density. They concluded
that no interconnecting pore system was present in
the denser specimens and that sheathing would there-
fore not be required from that point of view, although
it might be beneficial from the point of view of
preventing the penetration of fluid into surface
fissures.

An alternative solution to the problem of over-
coming -the development of cracking in the hydro-
static extrusion of brittle materials has been proposed
by Fiorentino et al.!’ Their idea was to impose a
second small reduction on the product immediately
after its egress from the main hydrostatic extrusion
die. This small reduction (2% was found to be opti-
mum) is believed to introduce compressive residual
stresses in the surface layers of the material, thereby
reducing and even eliminating the tensile residual
stresses which are postulated as being usually present
and responsible for cracking. These authors used a
double reduction die to produce sound products of
beryllium and molybdenum at an extrusion ratio of
40 which would normally have exhibited severe
transverse cracking of the worst type. This work on

the role of die design is of considerable importance;
the elimination of the necessity to apply fluid back
pressure would considerably simplify the equipment
and its operation. In addition, the superposition of a
back pressure necessitates raising the pressure on the
billet by a similar amount, which often precludes
successful operation of the process due to pressure
limitation on the equipment.

EXPERIMENTAL WORK

The deformable bag for manufacturing compacts was
made from Devcon ‘Flexane 95°—a room-temperature
curing urethane. It was moulded to the same specifi-
cation as used and reported previously®. The bags
shown in detail in Figure 4 were filled with 300 g
of iron powder (325 g when longer billets could
be accommodated in the extrusion apparatus). The
bags were vibrated gently for 2 min to consolidate the
powder without the segregation of large and small
particles. Sealing was achieved by means of a parallel
rubber bung  in long and asliding fit in the bag. A thin
washer of Flexane 95 was interposed between bung
and powder to avoid forcing the soft bung into the
compact. A final seal was made round the top peri-
phery of the bung with a thin film of ‘Evostick’.

— Seal with' Evostik'

Rubber bung

IT

N\

Moulded bag []i 'Flexane 95
(Flexane 95) ™}* washer
65max.
overall

Fig. 4 Bag assembly for isostatic compaction.

The bag assembly was placed in the 12 in diameter
bore of a high-pressure container capable of accepting
110 tonf/in® pressure, which was then filled with the
pressure medium—castor oil with 10% methyl
alcohol. Pressurization was by means of a punch
introduced vertically into the bore of the container,



54 ON THE ISOSTATIC COMPACTION AND HYDROSTATIC EXTRUSION OF IRON POWDER

the whole apparatus being placed between the com-
pression platens of a 250 tonf Avery universal testing
machine. The punch seal comprised an O-ring and
phosphor-bronze mitre ring, and provision was made
for pressure measurement utilizing a manganin coil
mounted across two tapered terminals lapped into
conical ceramic brushes, which were in turn lapped
into the nose of the punch. Details of the nose of the
punch are shown in Fig. 5. The manganin coil, of 100 £
resistance, was connected into a Wheatstone bridge
circuit with stabilized d.c. supply and the output was
monitored by a U.V. recorder. The pressure thus
measured was compared with the pressure determined
by the axial load on the punch, as measured on the
testing machine. Agreement was within 3%, the
difference presumably being due largely to the effect
of friction on the seal of the punch, over the pressure
range 46—104 tonf/in?.

Isostatic compaction tests

The powder used was Hoganas NC 100 iron powder,
as used in the previous investigation®. (MH 100
powder is now designated NC 100.) An analysis of
the powder is given in Table 1. Two separate consign-
ments were purchased during the period of the
investigation and compacts were made at various pres-
sures between 29-2 and 104 tonf/in®. The most suit-
able method of finding the density was by machining
a cylinder from each compact and measuring its
dimensions and weight accurately. Machining was
carried out using a tungsten-carbide tipped turning
tool with a surface speed of 250 ft/min, 0-005 in/rev
feed and 0-03 in depth of cut (maximum). The billet
nose was turned to an included angle of 38° to facili-
tate commencement of extrusion in the 40° die. Two
diameters were machined onto each billet, the first to
provide the required extrusion ratio, the second to
prevent total extrusion of the billet. A taper of 40°
was machined leading to the second (larger) diameter.

o~

Assembly x 4

M

- Manganin coil terminals

- Ceramic insulators

— Circlip

__Mild steel
spacer

O-ring

4 —Mitre-ring

Fig. 5 Plunger nose details (12 dia).

Table 1. Details of Hoganas iron powder NC 100 24

Note: This powder is prepared from pure natural magnetite ore
by carbon reduction and has an irregular spongy structure.

Suppliers: Hoganas (Great Britain) Ltd.

Typical Chemical Analysis (Average Values)

Iron 98+ approx. %
Carbon 0.1 »
Oxygen (loss in weight in hydrogen) 0.6 ’
Silica 0.3 »
Sulphur 0-015 '
Phosphorous 0-015 .
Typical Mesh Size Distribution (B.S.S. Mesh Sizes)
+100 1% maximum
—100 +150 15—25% maximum
—150 +200 20—-30% »
—200 +240 5-15% »

Theoretical density 7-87 g/cm?

Apparent density (Hall) 2-4 g/cm®
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Extrusion equipment

Two sets of equipment were utilized for the hydro-
static extrusion equipment. The horizontal hydraulic
press already mentioned® was used for the initial
simple hydrostatic extrusion tests and all the fluid-
to-fluid extrusions. The design imposed a restriction
on the billet length which could be accommodated
within the main pressure chamber, so the tests with
the double reduction die and sheathed billets were all
conducted in the vertical 250 tonf Avery testing
machine already mentioned by adopting an existing
vertical backward extrusion set-up which allowed the
use of longer billets and easier removal of product
and die, as shown in Fig. 6.

I —

Punch
1 | _/
[ " r
oy
VL
™1 Pressure
Extrusion r—\/< vessel
die \\ liner
Billet _| , —Container-
—
Metre ring
] and ‘O’ ring
Billet s 4
support A | D
Seal pusher ~
|
. . ! Metal terminals in
woaul?r?mn coil | ceramic housing for
9 ' | electrical leads out of
high pressure chamber

Manganin pressure_——
gauge

Fig. 6 Backward extrusion arrangement for double reduction
dies.

— VN
YN

Details of the horizontal equipment are shown in
Fig. 2. The main chamber is 13-in diameter and can
accept 110 tonf/in? pressure, with the rather limited
working stroke of 6in on each ram. An interesting
feature is the thin EN30B sleeve (0:094 in thick)
incorporated in the main chamber, which can be
replaced if scored.

The experimental procedure for simple hydrostatic
extrusion was as follows, with the horizontal arrange-
ment—the die and seal assembly was entered into the
main chamber and pushed ‘home’ against the step in
the bore of the liner. The rear end of the billet (1-0 in
diameter) was inserted into a machined rubber
support and the assembly inserted in the pressurizing
chamber until the billet nose located in the die. The
rubber support - was made so that the counterbore dia-
meter was a close fit around the billet end, whilst the
outer periphery, with longitudinal cutouts for oil
passage, was a sliding fit in the chamber bore. The
plunger was entered approximately one inch into the
liner support plug and the chamber filled with fluid
by an electrically driven pump.

The procedure for fluid-to-fluid extrusion was
similar to that just outlined except that a back pres-
sure plunger was incorporated and the billet had to be
held away from the die orifice to facilitate filling of
the back pressure chamber. This was achieved by
positioning the billet in its support away from the die
and inserting a wire-coil compression spring between
the rubber support and punch. This spring was of
such a length that it was lightly in contact with the
billet support and main plunger in the ‘fill’ position.
As the plunger advanced to pressurize the fluid, so
the spring transported the billet and support until the
billet nose entered the die orifice, thus separating the
two pressure chambers. To ensure the removal of all
air from the back pressure chamber, it was found
necessary (with the main plunger in the ‘fill’ position
and the pump running) to withdraw the plunger
momentarily from the container and ‘bleed’ the
chamber.

The lubricant used for all extrusions (with the
exception of the sheathed billets) was Acheson ‘dag’
1870 warm forming lubricant. This contains finely
divided graphite blended with dispersing, stabilizing
and binding agents which provide adequate suspen-
sion properties in the lubricant bath. This particular
lubricant reacts chemically with ferrous metals and
produces an extremely thin, adherent dry film on the
billet. For the sheathed billet experiments the
machined billets were dipped into Evostick thinned
with methyl-ethyl ketone, producing a coating of
from 0-002 to 0-003 in thickness. No lubricant was
applied.

Standard seal-carrying dies were used initially but
difficulty was experienced in die and product removal
after extrusion. Accordingly an annular groove 01 in
X 0-05 in deep was ground on the periphery of the
die and an extractor and thin-walled extractor ring

-were made as shown in Fig. 7. Product removal still

necessitated extraction of the seal, however, so a
seal-less die assembly was designed based on that used
by Thompson and Daniels'?, as shown in Fig. 8. An
internally threaded spacer carried the ‘O’ ring and
mitre ring seals and was placed against the step at the
end of the main pressure chamber. The die butted
against the spacer with a seal ring moulded from
Flexane 95 covering the joint. This ring provided an
initial seal as well as supporting the die in position
prior to pressurization. It was important to ensure
that fluid could fill the cavity behind the die and
around the sealing ring. This was achieved by providing
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Fig. 8 ‘Seal-less’die.

a radial clearance of 0-0025 in between the die and
the chamber bore. After extrusion, the product and
die could easily be removed by hooking a simple
extractor into the two holes shown near the mouth of
the die.

As mentioned previously, the press used for the
double reduction dies was the 250 tonf Avery, as was
also used for compacting the powders. A backward
extrusion arrangement was adopted as shown in Fig.
6 so that long billets could be extruded and the
product and die removed easily. Shown in the figure
is the billet support arrangement and the manganin
coil housing. The design of the double reduction dies
was based on Fiorentino’s, details being shown in
Figs. 9 and 10.

To enable comparison to be made with the results
of the previous investigation®, all green compacts
produced for subsequent hydrostatic extrusion were
compacted at the same pressure as previously,
namely, 103 000 Ibf/in? (46 tonf/in?).

|
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1

Material: KE A1B0- HRC 62min.

Die Sizes:

A 0.5051 0-4041 03031 0.2830

DIA B 0500 0400 0300 0-280

Machine to final size all over - polish - vacuum harden-
final polish

Scale: 2 x Full Size

Fig. 9 Double reduction dies.
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Fig. 10 Double reduction die—die profile details.

RESULTS AND DISCUSSION

Isostatic compaction
A total of seventy compacts were made with only one
failure (due to a leaking bag). Bags could easily be
repaired by local application of additional Flexane
95; in fact, it was often necessary to reinforce areas
of the mould which had entrapped air. There was a
slight variation between the two consignments of
powder used, as shown in Fig. 11, probably due to a
difference in particle size distribution which could
easily happen within the tolerance stated by the
manufacturers (Table 1). It can be seen From Fig. 11
that there would be little point in pressurizing the
powder used in this research above about 100 tonf/
in?, since the relative density achieved seems to be
asymptotic to a maximum value of 95.8% (for the
second consignment), and that value is very nearly
reached at 100 tonf/in? compacting pressure.
Plotting the results in terms of Konopicky’s rela-
tionship as shown in Fig. 12 reveals that they confirm
a higher density achievable by isostatic compaction as
compared to die compaction (as shown by Morgan
and Sands). The present results also lie very close to
the few points published by Morgan and Sands and
their greater number reveals that there is no consis-
tent proportionality between n 1/(1—D) and pressure,
and there is no marked change in slope.
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Fig. 11 Effect of compacting pressure on the density of
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Hydrostatic extrusion

Attention was initially concentrated on determining
the effect of back pressure and extrusion ratio, and
identifying Zones A, B, C and D on the diagram of
back pressure versus extrusion ratio. The results are
shown in Fig. 13, from which a general similarity
with Nilsson’s results can be identified. The effect of
the 38° conical nose of the billet (being less than the
40° die) was to produce an extrusion, the front part
of which had been subjected to zero extrusion ratio,
increasing to a maximum at the full diameter. In the
region of sound products it was found that the effect
of the low initial extrusion ratio at the front end of
the nose was to produce longitudinal cracks which
propagated along the product. For short extrusions
this gave erroneous results, in that a longitudinal
crack formed initially in a situation which would have
eventually given a sound product. For this reason
some results on the Zone C/Zone D boundary were
checked using longer billets.

The results obtained with simple hydrostatic
extrusion differed considerably from the previous
results obtained®, in that an extrusion ratio of only
about 5-0 gave a sound product, whereas previously
about 6-5 was necessary. The boundaries between all
zones were similarly considerably reduced. The only
significant difference between the two investigations
was in the lubricant; previously P.T.F.E. spray was
used, whereas in this series, a graphite-based chemic-
ally active lubricant was used. In all extrusions with
the graphite lubricant the products were found still to
be completely coated with a film of lubricant. Also
none of the cracked products exhibited such severe
cracking as had been observed in the previous investi-
gation using P.T.F.E. lubricant. Severe rupturing was
noticed only for sheathed billets, in which case no
lubricant was used.

Several of the products exhibited a marked
tendency for their ends to splay out giving rise to a
‘tulip’ type of defect. This effect was most marked
under Zone C conditions and appeared to be due to
the immediate tip of the conical end of the specimen
breaking away, leaving a blunt rough virgin surface
into which the back pressure fluid forced itself.

Experiments with the hydrostatic extrusion of
sheathed billets were inconclusive. None of them was
successful. Very high pressures were required and
very high loading rates to achieve extrusion through
high ratios, under which conditions extrusion was
rapid and uncontrollable. It is thought that lubri-
cation was ineffective between the sheathed product
and the die, as evidenced by severe rupturing in all
specimens, but time did not permit a proper investi-
gation to be made.

Five billets were extruded through the double
reduction dies, at extrusion ratios of 2-25, 3-1, 4-0,
4-7 and 5-1. In spite of the fact that the dies had
unfortunately been made incorrectly, with a 90°
taper to the second die instead of a 20° taper, sound
products were produced with no evidence of longi-
tudinal cracking as had been found in all the simple
hydrostatic extrusion experiments above an extrusion
ratio of 2:25. The surface conditions of all the
products was poor, because of the scraping rather
than deforming action of the second land, but the

results were very encouraging.

As a matter of interest the relationship between
extrusion pressure P and extrusion ratio R is shown in
Fig. 14, the straight line being the equation

P=51-12R +4 (tonf/in?) 3)
which may be compared with the previous result

P=542 R — 35 (tonf/in?)
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Fig. 13 Back pressure—extrusion ratio diagram for un-
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CONCLUSIONS

1. Sound products of -green iron powder compacts,
isostatically compacted at 46 tonf/in® pressure, can
be produced by simple hydrostatic extrusion at ratios
greater than 4-7.

2. Fluid-to-fluid extrusion enables smaller extrusion
ratios to be used to produce sound products.

3. Graphite-based lubricant gave better resuits than
P.T.F.E. spray.

4. Long billets must be used to achieve steady-state
conditions.

5. Pressure — extrusion ratio relationship for green
compacts of iron powder isostatically compacted at
46 tonf/in? pressure is

P=51-12R +4 (tonf/in?)

6. Double reduction dies prevent longitudinal crack-
ing between extrusion ratios of 2-25 and 5-1.

7. Proportionality does not exist between ¢n 1/(1-D)
and compacting pressure.

SUGGESTIONS FOR FURTHER WORK

1. Compaction at 46 tonf/in®> gave 91-2% theoretical
density, whereas 100 tonf/in? gave 96% theoretical
density. It would be of great interest to extrude
hydrostatically compacts isostatically compacted to
100 tonf/in?, to see if their propensity for cracking
were diminished. In other words, to determine the
back pressure versus extrusion ratio graph for such
compacts.

2. Redesign the double reduction dies to:

(i) reduce the scraping action of the second land
and promote smooth plastic flow through the die,

(ii) reduce the tendency for severe wear of the
second land,

(iii) split the die so that the second die profile can
be formed separately (to achieve (i) and (ii)).

3. Determine the mechanical properties of the products
formed by this process. This would necessitate
products of a size large enough to enable tensile,
impact and fatigue specimens to be made, as well as
hardness distributions to be determined.

4. Investigate the effects of particle size distribution
of the powder on resultant compact density and the
effect on subsequent hydrostatic extrusion.

S. Experiment with other powders, for example,
non-ferrous, to establish the parameters required to
give sound products.
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DEVELOPMENT OF A NEW PRECISION SHEARING PROCESS:
OPPOSED DIES SHEARING PROCESS

K. KONDO and K. MAEDA*

SUMMARY

Based on the fundamental investigation into the formation mechanism of the smooth sheared surface, a new
precision shearing process has been developed. In this process the stock of the material is removed outwards
during working; that is, a quasi cutting mechanism is utilized. This process is characterized by the use of an
opposing die with a protrusion instead of an ordinary punch in blanking. So, it is named ‘opposed dies shearing
process’. This research deals with the course of the development, the fundamental characteristics and the condi-
tions of application of this process, and makes the features of this process clear by comparing with those of fine
blanking. Among these features, suppression of the burr, applicability to brittle materials and sharply pointed
contours, and the prolongation of the tool life may be the most dominant. Further, this paper shows a practical
design of the precision shearing press suitable for this process, the features of the tool construction and the
practical data concerning several kinds of materials and the blanking shapes.

INTRODUCTION

Development of a precision shearing process had
earnestly been desired for a long time because of its
high success as a precision working process. Now, fine
blanking has satisfied the demand fairly well. But, the
positive attempts to extend the application range of
this process to many kinds of materials have often
met with difficulties.

The authors have found in the fundamental
investigations into the formation mechanisms of the
sheared surface that there are two kinds of mech-
anisms for forming the smooth sheared surface; that
is, the mechanism by plastic deformation and that by
cutting.! This research deals with the development of
a new precision shearing process which utilizes the
cutting mechanism. Owing to the alteration of the
working principle itself, this process has many
features which are essentially different from those of
fine blanking. This paper shows comprehensively the
characteristics of this process ranging from the basic
mechanism of forming the smooth surface to the
practical design of the precision shearing press suit-
able for this process.

FEATURES OF THE CUTTING

MECHANISMS AS A WORKING

PRINCIPLE OF THE PRECISION
SHEARING PROCESS

Figures 1a and 1b show schematically two kinds of
mechanisms for forming the smooth sheared surface.

In the conventional shearing process the smooth
portion of the sheared surface is formed by the mech-
anism of plastic deformation. That is, a shear plane is
severely deformed by the penetration of the tools in
the material in the direction AB which connects the

Stock length.
Fiber flow line Negative ci
Punch | Punch Punch
8 8 o b
E—— S— —
— —Tstock /
—— o (- 6 /
Blank — Blank 2 Specimen / c
jhia—’ — .
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S ! 4
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Die Die Al o

(c) Shearing method which
uses megative clearance

(a) Mechanism by plastic (b) Mechanism by cutting
deformation {shaving)

Fig. 1 Mechanisms for the formation of the smooth sheared
surface.

two cutting edges, as shown in Fig. 1a. This shear
plane coincides with the contour section of the blank,
so the shear deformation must be succeeded on the
same plane throughout a process. Consequently, the
amount of the shear deformation which is necessary
to cause separation becomes extremely large and
most materials used in the shearing cannot sustain
this amount and fracture during working.

In order to utilize the mechanism of plastic
deformation as a principle of precision shearing, it is
necessary to increase the ductility or plastic deform-
ability of the material so as to sustain this large
deformation. Fine blanking realizes this by increasing
the hydrostatic pressure in the material near the

*Faculty of Engineering, Shizuoka University
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cutting edges through strengthening the restriction of
the material by means of the pressure plate with a V-
ridge.

On the other hand, in the shaving process in which
the conventional cutting mechanism takes place, a
severe shear deformation caused by the penetration
of the tool occurs along the shear plane AC in Fig.
1b. This shear plane moves upwards to a new position
in the stock according to the punch travel. So, the
amount of the shear deformation required for each
material part becomes relatively small and most
materials worked by the shearing can sustain this
amount of deformation. In addition, since the shear
plane AC has inclination ¢ to the contour section of
the blank AB, there remains hardly any chance of the
fractured surface becoming formed directly on the
blank, even in cases where the crack inititates on the
shear plane. These facts show that the cutting mech-
anism has essentially more desirable features with
regard to the application range of the materials than
the mechanism of plastic deformation.

However, the cutting mechanism also has a serious
defect, That is, to promote this mechanism it is neces-
sary to remove the stock successively during working.
So, if the removal is restrained or the stock becomes
large, the severe shear deformation plane shifts to AB
in Fig. 1b and a fracture soon occurs.

Between these two mechanisms of forming the
smooth surface, the mechanism by plastic deform-
ation has been utilized mainly for the principle of
several precision shearing processes. Fine blanking is
representative of these and its usefulness is beyond
doubt. But if we demand much of it, the following
problems should be considered.

1. Tool life is much shorter than that for conven-
tional shearing, because a high hydrostatic pressure
must be superposed and a critical clearance of 0-01—
0-02 mm between the punch and die must be preserved
to suppress the fracture?>

2. In the following cases, the application becomes
difficult?*: (i) less ductile or brittle materials, (ii)
thick plates, (iii) products which have sharply pointed
contour lines.

3. Because of the necessity to penetrate the V-ridge
of the pressure plate into the material, the stock
length cannot take short, so the percentage of the
stock to the blank becomes fairly large.

4. 1t has no positive means to suppress the burr.

5. Roll-over of the sheared edge becomes large owing
to the rounding of the die edge which is conven-
tionally used to suppress the fracture. This becomes
a problem, especially when the product has a sharply
pointed contour.

We cannot but think that these problems are mainly
responsible for the limit of the working mechanism
itself and the only way to solve them is to alter the
working mechanism. These are the main reasons for
the cutting mechanism being adopted in a new
precision shearing process.

Now, in order to utilize the cutting mechanism in
a precision shearing process, the application range
concerning the stock length must be extended. In this
situation, a shearing method which uses negative
clearance is taken into consideration. In this method
the shear deformation plane caused by the die pene-
tration is formed along plane AC or plane AB in Fig.
Ic. These planes are inclined towards the stock side
and can move in the material as the die penetration
proceeds, so the features of a cutting mechanism are
always preserved. The foregoing research by the
authors has shown that if the absolute value of the
negative clearance is larger than 20% of the material
thickness, the smooth sheared surface is always
formed regardless of the stock length in the case of
the strip shearing by linear cutting tools.!

By the adoption of the negative clearance method,
the extension of the application range of the cutting
mechanism concerning the stock length can be
achieved. But, the problem of the separation of the
blank and stock at the final stage remains.

OPPOSED DIES SHEARING
PROCESS

Opposed dies shearing process is conceived by
improving the negative clearance method to make it
possible to separate the blank completely. By this
improvement the suppression of the burr, which is
one of the most troublesome problems in the shearing
processes, is attained simultaneously. Tools used in
blanking by this process are a conventional die, a
protruding die which opposes the former, a knockout
and an ejector. This process is characterized by the
use of such an opposing tool with a protrusion.
Arrangement of the tools and the sequence of the
tool action are schematically shown in Fig. 2. In the
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(4) Separation of the blank

(2) Cutting stage by the die

Fig. 2 Ilustration of opposed dies shearing process,

earlier stage, a shear deformation plane is formed in
the plane of the material that connects the die edge A
and the outer edge of the protruding die B, and the
tool penetration into the material proceeds from the
die edge side solely by means of the cutting mech-
anism [Fig. 2(2)]. In this case the penetration of the
protruding die scarcely occurs if the width of a plane
portion at the top of the protruding die is selected to
be larger than a certain value. So a smooth surface is
formed by the same mechanism as the negative clear-
ance method. In the later stage, deformation shifts to
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a state like flat plate compression and the penetration
of the protruding die begins. The amount of penetra-
tion of the protruding die may also be controlled by
setting the knockout to a desired height. After this
stage the working load increases rapidly. Therefore,
the cutting by the die must stop before this [Fig.
2(3)], the knockout then proceeds and separates the
blank [Fig. 2(4)]. At this separating stage, the stock
is pinched between the two dies and is subjected to a
hydrostatic pressure high enough to preclude any
possibility of inititating a fracture. So this last stage
resembles fine blanking in its working mechanism.
Further, in this case, burring is suppressed by the
penetration of the protruding die.

This process can be applied not only to the blank-
ing, but also to the punching when a set of the
punch and opposed protruding punch is used, as is
shown in Fig. 3. In the punching, it is necessary to
provide room for the stock to be removed. Figure 3
shows the case where a pre-punched hole is prepared
to provide the room. But, if the diameter of the blank
hole to be produced is large enough compared with
the material thickness, it is possible to remove the
stock only by the promotion of the dishing without
preparing the pre-punched hole, because the stock
volume to be removed by the protrusion is not so
large.

e
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Fig. 3 Opposed dies shearing tools for punching.

DETERMINATION OF THE
BASIC WORKING CONDITIONS

In this section, basic working conditions such as the
geometry of the protruding tool, the shape of the
specimen and the operation timing of the knockout
are examined using the blanking of an 18 mm diameter
disc from a hard-tempered aluminium strip (A1P1-H,
see Table 1) of 1 mm thickness.

The geometry of the protruding die is determined
as follows. First, the flank of the protruding die has
the same contour as the blank to be produced. The
relief side of the protrusion is shaped normally so as
not to prevent the removal of the stock. For instance,
it may be shaped to have an inclination of 25° from
the die flank. The height of the protrusion is usually
selected to be 1-:0--1-2 times the material thickness.

Next, the plane portion at the top of the protru-

sion is provided to reduce the chance of fracture
caused from the die edge and to permit the die to
penetrate into the material using the cutting mech-
anism. For this reason, the plane portion must have a
width greater than 20% of the material thickness, as
in the case of the strip shearing mentioned above.
However, if the width becomes too large, the stock
will be subjected earlier to the plane compressive
deformation. This will raise the working load as is
shown in Fig. 4a and an undesirable bulge of the
blank edge will occur because a part of the material
on the stock side may be forced into the blank. For a
variety of materials the range of width which is
recommendable is about 30—40% of the material
thickness.
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Fig. 4 Effect of the width of the protrusion top and the
stock length on the working load.

For application of the present process, it is
essential to facilitate the removal of the stock. In
shearing along a simple opened contour, stock removal
presents no problem, but offers difficulties in shearing
along a closed contour. An important method con-
ceived for this purpose, in the case of the blanking,
is to prepare an extremely narrow strip and to
make the feed of the strip as short as possible so
that the stock can be deformed or divided at the
section of minimum width of the scrap ribbon during
shearing, thereby facilitating the removal of the
stock. Figure 4b shows the effect of the minimum
width of the scrap ribbon (minimum stock length) on
the working load. Owing to the superposition of the
expansion resistance of the stock, the working load
increases rapidly with increasing minimum stock
length. This increase of the load also creates the risk
of bulging. So the stock length selected must be
rather shorter. This effect of the stock length is dis-
cussed in detail later in connection with the quality
of the material. Means of stock removal in the case of
punching have been explained in the earlier section.

The operation timing of the knockout is desirably
delayed whenever possible in order to avoid the
inititation of the crack during the separation stage by
the knockout. However, it must not be later than the
steep increasing stage of the working load, shown in
Fig. 4, to avoid the above-mentioned bulge at the
blank edge. In this connection, if trouble is taken in
making the tool, it is possible to delay the steep
incresasing stage by modifying the die or protruding
die face to be outwardly inclined.
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The products blanked by the present process have
the following features compared with those of fine
blanking :

1. burring is prevented,

2. roll-over of the
extremely small,

3. internal workhardened region of the sheared
surface is scarcely observed, except the small portion
which is sheared finally by the operation of the
knockout.

The magnitude of the working load necessary for
this process is much influenced by the stock length,
as shown in Fig. 4b, and becomes nearly equal to that
of fine blanking when the stock length is 50% of the
thickness. So, if the stock length becomes less than
50%, the working load for the present process
becomes accordingly less. In fine blanking, a large
holding pressure to penetrate the V-ridge is necessary
in addition to this load. Consequently, the total
working load necessary for this process becomes
smaller than that for fine blanking and this, therefore,
is also one of its features.

sheared edge becomes

EXTENSION OF THE
APPLICATION RANGE

As the working principle of the present process is
essentially different from that of fine blanking, the
application limits which have been set to fine blank-
ing may be overcome easily on some occasions. Based
on the considerations in the previous section, the
applicability of this process concerning the material
thickness, the quality of the material, and the
contour shape of the blank are examined in this
section.

At first, the extension of the application range to
thick materials is tried. With thicknesses of only
about 1 mm, there are no difficulties in applying the
process to every kind of material used in conventional
shearing. However, the fractured surface is apt to be
formed as the thickness increases. If we extend the
fundamental considerations in the previous section,
the increase in thickness does not seem as unfavour-
able for fracturing in the case of the present process,
because the severe shear plane shifts continuously
during working. But this consideration is inconsistent
with the experimental results. To explain this contra-
diction, the state of the fracturing has been carefully
observed. From this observation it has become clear
that the fracture in this process is very shallow and
groovy, and appears only at the earlier stage of the
operation. This is quite different from the fracture of
fine blanking or conventional shearing. This type of
the fracture will occur with the digging into the blank
at the die edge, as is the case in the tear-type cutting
in machining.

In the present process, the shear angle 6 and the
rate of increase of § to the die stroke are equal for
every material thicknesses because the width of the
flat top of the protrusion is selected as a percentage
of the thickness. However, the absolute speed of
increase of 6 varies with thickness; the thicker the
material, the later the increase in § . This may be why
the shallow fracture occurs easily in the present
process with thicker materials. Also, the facility of

formation of the smooth surface portion at the later
stage may be explained as resulting from the increase
of the shear angle § in Fig. lc.

Based on the above understanding, a means of
providing a radius to the die edge, which has custom-
arily been practised in fine blanking, is conceived to
prevent the shallow fracture caused by the digging in
at the earlier stage. Figure 5 shows the application
range taking the radius of the die edge and the stock
length as the variables in the case of a high-carbon
steel in spherodizing annealing condition (S45C), and
a high-strength aluminium alloy (A3P4) about 6 mm
thick. It must be noted that the remarkable differ-
ence in the application range of these materials
appears only for thick materials. That is, in the cases
of S45C specimens of 1 mm thickness and A3P4
specimens thinner than 3 mm, the successful ranges
extend to the whole region of the diagrams, and in
the case of a 3 mm thick specimen of S45C, the
limitting line of the successful range becomes the
two-dotted chain line in Fig. Sa.
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Fig. 5 Application range of the die edge radius and the stock
length.

These systematic examinations are carried out
with materials which do not exceed 6 mm thickness.
However, it has also been confirmed that the present
process can be applied to high-carbon steels of 10 mm
thickness fairly easily. In these cases the counter pres-
sure by the ejector serves mainly to prevent the dish-
ing of the blank, but may also serve to suppress the
fracture by digging, if the pressure is fairly high.

The reason for the remarkable difference in the
application range, according to the material
properties in Fig. 5, must be discussed. The mechan-
ical properties of these materials are shown in Table
1. In the case of S45C, the release of the stress con-
centration by means of the rounding of the die edge
is well served to prevent the fracture. From the
figure, it appears that the increase in stock length also
serves to prevent the fracture. This is because the
stock must be removed outwards to proceed with the
die penetration, and the resistance to this removal
causes the superposition of the hydrostatic pressure
on the shear plane AB in Fig. 2(2). The longer the
stock, the higher the hydrostatic pressure and this is
favourable for the prevention of fracture.

In these cases it may seem that although the shear
plane is inclined and movable, the shearing mech-
anism quite resembles that of fine blanking because
the increase in the deformability of the material is
expected by the superposition of the hydrostatic
pressure. However, it must be emphasized that there
is an important difference between these. In fine
blanking the hydrostatic pressure which is applied by
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the pressure plate with a V-ridge in the first stage
must be preserved during working. In the present
process, the hydrostatic pressure is increased gradu-
ally during working, because the stock must always
be removed and no fracture is observed in the later
stage of the die penetration. It is thus possible to
understand that the length of the stock becomes one
of the control factors of the hydrostatic pressure
which is applied on the inclined shear plane. This
feature only results when the principle of the negative
clearance method is adopted, and this principle has
been utilized in a much simpler form in another paper
by the authors.®

On the other hand, in the case of A3P4 in Fig.
5(b), the application condition is severely restricted
to the sharp edged die. A3P4 is a very brittle material,
as is shown in Table 1, so it fractures suddenly during
the earlier working stage. However, this fracture
occurs along the AB plane in Fig. Ic and gives no
fracture on the blank. By this fracturing most of the
stock material is removed. After this stage the opera-
tion proceeds as one of the shaving process of the
remaining triangular stock which is included in the
angle 0 in Fig. 1c, and the smooth surface is formed
with small working load. This is desirable for the
tools. When the radial die is used, the workhardening
of the material also occurs in the blank along the die
radius and the material cannot sustain this hardening,
so the sudden fracture results, accompanying the
digging of this portion.

In the above, two kinds of working phenomena in
the cases of Fig. 5 are made clear. Of these, the latter
becomes especially important, because brittle
materials which have never been able to shear in fine
blanking can be sheared rather easily by this mech-
anism. As to the applicability to brittle materials, it
has been confirmed that the present process can be
applied successfully even to non-metallic materials
such as phenolic resin laminates, epoxy resin
laminates and SMC (fiberglass reinforced plastics)
(cf. Fig. 7).

The next problem we are interested in is the para-
meter which distinguishes the different behaviours of
materials as described above. The mechanical proper-
ties of the materials which are mainly used in this
experiment are summarized in Table 1. Of these
materials, only A3P4 behaves in a brittle manner. So,
it is possible to conclude that a parameter such as
ductility, uniform elongation, workhardening index
n, and total elongation cannot be a conclusive para-
meter of the brittle behaviour in this process. The
percentage reduction of the area seems to be the only
useful parameter.

It has been confirmed in this experiment that
besides the materials shown in Table 1, or mentioned
above, stainless-steel (SUS24, SUS27) and tool steel
(SK5) can be sheared by this process. The above
extensive applicability to a wide range of materials
may be the most dominant feature of the present
process.

The present process exhibits a further feature in
the application range concerning the contour shape of
the blank, because the roll-over at the sheared edge
can be reduced remarkably. In this research a system-
atic experiment on the applicability to the sharply
pointed contour has been carried out with hard-
tempered aluminium specimens (A1P1-H), shown in
Table 1. The blanking contour has eight pointed
corners, half of which are 60° and the remaining half
are 90° (cf. Fig. 7). The corner radius of each point is
altered from 0-3 mm to 2-0 mm for the specimens of
3 mm thickness, and from 0-2 mm to 1-0 mm for the
specimens of 1 mm thickness. The results show that
the sheared surface of each corner has no fracture or
roll-over for the specimen of 1 mm thickness. In the
cases of the 3 mm thick specimen, the fracture
appears only at the corner of 0-3 mm radius, and the
smooth surface with a slight roll-over is formed at the
other corners above 0-8 mm radius. These data
indicate that the present process can be well applied
to the severer pointed contours in comparison with
fine blanking. However, as to the range of application

Table 1. Mechanical properties of the materials used for experiments
0-2% proof  Ultimate Work Total Reduction of
stress tensile hardening  elongation the area
Materials (kg/mm?)  strength,  index,n (%) (%)
(kg/mm?)
SPHC 279 33-8 0-21 44-2 75
S45C 36-1 563 018 309 58
PBP2-H 484 60-9 0-03 16-8 65
BsP3-1/4H — 459 0-23 356 62
Al1P1-1/2H 10-8 12-6 0-03 16-2 80
AlP1-H 13-4 17-4 0-03 77 61
A3P4 309 472 0-16 20:0 23
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concerning the contour shape, we must note that this
process cannot be applied to the punching of narrow
slits or small holes which have no room for removal
of the stock.

Finally, we must refer to the tool life of this
process. At present, we have little data about the tool
life, but these have shown that the tool life is not
limited by the increase of the burr as is the case in
fine blanking, because there is no chance of burring in
this process even if the wear of the cutting edge is
increased. So, the tool life becomes much longer than
that for fine blanking.

DEVELOPMENT OF AN OPPOSED
DIES SHEARING PRESS
AND EXAMPLES OF THE

PRODUCTS

Based on the preceding fundamental experiments, a
triple action hydraulic press suitable for this process
has been developed. The construction of this press is
schematically shown in Fig. 6. This press has a float-
ing device to maintain the pinching pressure of the
stock during the final separating stage and mechanical
stoppers to guarantee the accuracy of 0-01—-0-02 mm
for the stopping positions of the ram stroke and
knockout stroke.

In addition to the features of the press, the tool
construction for this process has the following
features: (i) number of tool parts decreases, (ii)
rigidity of the tool construction increases,® (iii)
severe fitting of the male and female tools is avoided.
These features may also contribute to the prolong-
ation of the tool life.

Examples of the products are shown in Fig. 7. Of
these, the largest one is a crank web made of S55C
and of 10 mm thickness. The smallest one is a key

S45C

made of SPHC, with the width smaller than the thick-
ness. In this product the prevention of roll-over is
well served.

@ Die
@ Ejector
Main ram

@ Mechanical stopper

Mechanical stopper
Knockout piston
Floating device
Knockout

CJOYOXOXS)

Protruding die

Fig. 6 Hydraulic press designed for opposed dies shearing
process.

y SMC(FRP)
n laminates
{(t=20m) (=208}
— — N
\ ~ N
>
T W /'“\\ »
- S
v

Fig. 7 Examples of the products.
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CONCLUSIONS

Based on the fundamental investigation into the
formation mechanism of the smooth sheared surface,
a new precision shearing process has been developed.
In this process, the stock of the material is removed
outwards during working, that is, a quasi cutting
mechanism is utilized. So, this process has many
features which are quite different from those of fine
blanking. Among these features, suppression of the
burr, applicability to brittle materials and sharply
pointed contours, and the prolongation of tool life
may be the most dominant.
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DISCUSSION

Query from M. Maj, McPhersons Ltd., Australia

From Fig. 3 it would seem rather a problem to
remove shaved material from the protruding punch
(sticking). This would cause problems in any produc-
tion application of this process.

(1) Did the authors experience this problem in their
tests?

(2) If so, what measures could be taken to prevent
this possibility.

(3) Could the authors comment on the speed effect
(if any), mainly in hydraulic presses (slow) and
mechanical presses.

Reply
(1) No, we did not.

(2) In cases of less ductile material, the shaved
portion can easily be blown off. In cases of
ductile material and complicated shape, the
shaved portion can be removed by using a
simple spring-type ejector: the necessary spring
force is fairly small.

(3) In many precision shearing processes, working
speed cannot be increased, mainly because tool
life cannot be preserved. But in the present
process, preservation of the tool life may be
easy. So, the increase of working speed may not
be limited from the viewpoint of tool life and it
is possible to use a mechanical press. But in this
case, adjustment of the knockout timing will
become rather difficult.

Consequently, an hydraulic press is much more
favourable for this process.

Query from S. Waite, GKN Floform Ltd.

(1) Can blanks be made direct from strip and does
distortion around outer punch give trouble in
feeding?

Reply

Blanking can be made directly from strip if a suffici-
ently narrow strip is used.

Distortion around outer punch does not become
troublesome in feeding, because we can successfully
suppress the bending by the tool face, cut-off the
scrap ribbon at the outlet side, and feed the strip at
the inlet side.

(2) Could a comparison be made between edge fall
off in conventional blanking, fine blanking and

the authors’ process?
NN N

Fall off-|

Reply

[

Yes, we could. We will show the comparison in the
following figure. The term ‘edge fall off in your
question is written as ‘roll-over of the sheared edge’ in
this paper.

Roll-over in this process is much smaller and can
be diminished to almost zero, if the stock length is
very short.
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HOT FORGING OF GREY CAST IRONS
by
R. FARNWORTH and B. W. ROOKS*

SUMMARY

Generally, the paper deals with the high-speed hot forging of grey-iron preforms. The introduction reviews past
work in the field of hot working of grey cast irons and indicates the properties that are likely to be upgraded.

Initially, an account is given in which the development of preform shapes for two components is described and
the relevent aspects of forging die design discussed. Some general conclusions on preform design are presented.
Secondly, the method of producing a grey-iron component from a cast preform is considered. The method of
manufacture of a component is described in which the preforms are cast by the gravity die casting technique and
then hot forged on a Petro-Forge high-speed hammer.

Two ways of carrying out this process are described. (a) Cast preforms are produced in batches, necessitating
heating from room to forging temperature before being placed in the Petro-Forge. (b) The cast preforms are
removed from the casting die and placed in a furnace to boost their temperature from 800°C minimum to the
forging temperature. Dimensional and tensile properties are then compared, the latter by cutting tensile test speci-
mens from the as-cast, annealed and forged components. An alternative tensile test method is also outlined, in
which special test pieces are cast and themselves hot forged in the manner of a preform.

Finally, the overall possibilities of forging cast-iron preforms is discussed and some general conclusion drawn.

INTRODUCTION The tensile properties of grey cast iron could be

Grey-iron castings represent one of the largest single improved by hot working, which would refine the
sources of engineering components. Their wide use structure and cause such structural changes as the
can be traced to the attraction of a wide range of compacting of the branched graphite clusters, the
properties, such as, high compressive strength, good elongation and reorientation of the graphite flakes. In
wear resistance, good corrosion resistance etc., addition hot working could lead to more accurate
coupled with a low overall production cost. However, components resulting in a reduction or even elimin-
they do suffer from having rather poor tensile proper- ation of machining operations. Many of these claims
ties, and whilst the yield of grey-iron castings is high were made by Schlegel> who hot forged high-carbon
from the casting point of view, quite large quantities irons in closed dies on slowspeed double-acting
of material still have to be removed by machining presses. In further work® he found that castings
before a finished component is produced. produced in metal dies gave even better properties if
The main cause of the low strength of grey cast their temperature was not allowed to fall below the
iron is the shape, size and random distribution of the recrystallization temperature during transfer from
free graphite flakes in the structure!. Common cast- casting to forging. These claims were subjects of
ing defects such as chilling, porosity, blow holes and patent applications. In contrast, Klyuchnikov* found
misruns tend to reduce their strength even further. By grey irons to be unsuitable for pressing and forging by
close control of the process many of these faults can methods such as open die forging, whereas in extru-
be minimized or, by the addition of special elements sion operations tensile strengths could be doubled.
and close control of the cooling rate, tensile proper- The former claim is in some agreement with work of
ties can be improved due to the formation of graphite El-Kalay and others® who were able to upset grey cast
nodules in the structure. Such precautions and tech- iron to only 5% reduction before the onset of cracking,
niques put up the costs by factors of two or three but and the latter claim is supported by the work of
still do little to improve the accuracy and finish of Barton on the extrusion of grey cast iron®. The
the castings, this being a function of a casting process apparent explanation of these differences is that dur-
in which gravity feeding (into sand or permanent ing extrusion the material is under compression,
dies) is used. whereas, in open die forging, the material must at

*Department of Mechanical Engineering, University of Birmingham.
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some point be stressed in tension. Thus, in hot forg-
ing, if the preform shape can be so designed to mini-
mise or even eliminate tension during forging, the
operation can be successful. This is the approach used
by Schlegel, and in one publication’ he discusses the
design of iron castings for use as preforms in hot forg-
ing operations capable of quantity production in an
integrated cast and forge process.

In the work described in this paper the designs of
preforms are considered for two components. In the
first part of the work the development of preforms
which can be forged on a Petro-Forge into a crack-
free component is traced. In the second part, the pre-
forms developed for one of the components is gravity
die cast in permanent dies and then forged on a
Petro-Forge. Dimensional tolerances and tensile
properties of this component are then examined, the
results of the latter being augmented by tests on a
specially designed tensile test piece which is gravity
die cast and then itself forged. The choice of the
Petro-Forge (a Mk IIA nominally rated at
10 000 ft 1bf) as the forging machine was one of avail-
ability rather than of any technological advantage of
the high forming speed. However, the machine itself,
has a built-in guidance system, infinitely variable
energy output, short forming time and low capital
and installation costs which would be important
considerations in any production applications.

PREFORM DEVELOPMENT

General
Many factors have to be considered in designing the
shape of a preform for hot forging purposes, for
example, die loads, die wear, energy requirements,
etc. Whilst these are also important as far as a brittle
material like grey cast iron is concerned, the main
problem is to ensure that a crack-free component is
produced. Thus, the preform design is a compromise
between ensuring that tensile stresses do not arise
during forging, whilst promoting maximum metal
flow in order to upgrade the material properties.
Owing to the complex nature of metal flow in
even simply shaped preforms, it was only possible to
develop preforms on a trial and error basis. Thus, pre-
form shapes were produced by machining for this
part of the work and the technique was applied to
two components, an axisymmetric multi-diameter
flange shape and a spur gear.

Multi-diameter flange component

The die sub-set and the shape of this component are
shown in Fig. 1. It was considered that this compo-
nent could be forged in three distinct ways, as illus-
trated in Fig. 2.

Type 1 preform (Fig. 2a) requires extrusion to fill
the central boss region and upsetting to fill the flange.
With these conditions it would appear that the pre-
form will be subjected to entirely compressive
stresses during forging. Typical forgings sections are
shown in Fig. 3a, in which the only variable of note is
the diameter A (see Table 1) and it can be seen that
the flange has failed by internal shearing. This is due
to the fact that metal is being extruded forward into

the central boss whilst the flange is being upset out-
wards. Increasing the preform flange diameter mini-
mises the failure until with a preform diameter of
3%in it has been eliminated. However, the other
problem is that die filling is very poor and would
require energies many times larger than the
10 000 ft Ibf available with the MKIIA Petro-Forge,
for which die loads may well be excessive. Therefore,
this preform shape was abandoned.

4000 DIA, A —f

o
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Fig. 1 Flange component and die sub-set.

Type 2 preform (Fig. 2a) requires a combination
of upsetting and piercing by the top and bottom
punches. It was intended that once the piercing
punches had been forced into the preform the
chamfered portion would be formed into the small
diameter flanges, with displaced metal being forced
into the shoulders, as illustrated in Fig. 2a. Forming
would then continue by upsetting of the flange. How-
ever, as seen from typical forgings in Fig. 3b, gross
radial cracking occurred, presumably due to tensile
stresses being produced in the flange before any com-
pressive upsetting could take place. By increasing the
preform diameter (see Table 2) to 3gin cracking
was prevented but the amount of flange deformation
was negligible. Therefore, this design was not
pursued.

The last preform, type 3 (Fig. 2c) is entirely
formed by upsetting the flange, the central boss
being preformed to near its final form. In these condi-
tions the component is forged under laterally com-
pressive loads and with little or no extrusion there is
little fear of internal shearing. A range of typical forg-
ings from this preform type is shown in Fig. 3c. In
this case, in addition to the diameter A (Fig. 2c),
others diameters were varied as indicated in Table 3.
Table 4 gives the forging dimensions achieved with
preforms of type 3. Reductions in the flange of up to
25% were achieved without signs of cracking and
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Fig. 2 Preform types for producing the flange component:
(a) Preform 1, (b) Preform 2, (c¢) Preform 3.

surface finish and definitions were always good.
Where the dimensions of the central boss region
allowed upsetting to take place, die filling was poor
and marred by barrelling, the formation of which can
be seen on the preform forgings 3.3 and 3.4 in Fig. 3c.

These results showed that with the preforms of
type 3 the flange was capable of relatively high plastic
deformation, but that barrelling of the central boss
region could lead to radial cracking of its periphery
and male radii. This problem did not occur where dia-
meters B and C (see Table 3) were very close to the

final size. Therefore, preforms of types 3.1 and 3.2
were selected for further work involving cast pre-
forms and the effects of forging on some of their
properties.

It can be concluded from this work that whilst the
forgeability of grey cast iron is relatively poor, forg-
ing can be accomplished by maintaining a
hydrostatic-type of stress system throughout the
operation. By such means the flange of the above
component was reduced by up to 25%, compared

Table 1. Preform 1 dimensions

Preform 1.1 1.2 1.3
Diameter A 3-875 3:625 3-500
Table 2. Preform 2 dimensions

Preform 2.1 2.2 2.3
Diameter A 3-875 3-750 3-590
Table 3.  Preform 3 dimensions (see Fig. 1)

Preform A B C D E F

31 3-875 2200 1-800 0-440 0-370 0-445
32 3-750 2:200 1-800 0-405 0360 0-410
33 3:625 2160 1-620 0-430 0-320 0-510
34 3-500 2-140 1-600 0-430 0-280 0-570

Fig. 3 Typical flange component forgings produced: (a)
from preform 1, (b) from preform 2, (c) from preform 3.
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Table 4.  Results of forging preform 3
Increase in Reduction in
Preform A B C D E F flange diameter flange thickness
(%) (%)
3.1 3970 2-240 1-870 0423 0-383 0375 2-6 60
) 3970 2240 1-860 0415 0-382 0-393 2:6 40
3.2 3970 2240 1-870 0415 0-383 0397 6:0 13-0
) 3960 2240 1-870 0419 0-379 0402 56 12:0
33 3970 2240 1-780 0-419 0-380 0-395 97 230
’ 3960 2230 1790 0419 0-383 0398 9-4 220
34 3900 2240 1730 0421 0378 0427 11-4 250
) 3-850 2240 1750 0422 0376 0-442 10-0 220
with 5% obtained in earlier investigations®. To
\N achieve such conditions it may be necessary to
N\ restrict metal flow to those areas where upgrading of
material properties is required, leaving other areas
only to be coined, which may be sufficient for
improving dimensional tolerances. The experience
with piercing punches leads to the conclusion that
indentation should not be attempted except where
the remainder of the component can be laterally com-
pressed for example, as a final operation on a double-
acting press.
N
Spur gear
Apart from its tensile properties, grey cast iron has
\ good gear material properties, such as, wear, corro-
f \ N\ sion and internal damping. If hot working can

.
A\

A

improve the tensile properties and at the same time
produce a gear that only requires a finish machining
operation, the use of grey cast iron gears could widen.
That spur gears can be forged in grey iron would seem
likely in view of the fact that they would be upset
and during upsetting would be radially restrained by
the presence of the gear teeth on the periphery. The
situation therefore approaches that of the desirable
hydrostatic stress system.

Initially work was carried out with an existing die
set for producing 3in diameter D.P. gears, and is
shown in Fig. 4a., together with a section of the
required component. The major problem in forging
this component was that a plain cylindrical portion at
the top of the component formed before the teeth
were fully filled, and metal had to be forced into the
teeth in a vertical direction as the height of the pre-
form decreased during forging. Two examples of pre-
forms and the resulting forging, one at the early stage
of preform development and the other the final one,
are shown in Fig. 4b and 4c, respectively. With the
early preform, die filling into the crests of the work
was poor. The final preform (Fig. 4c) was chamfered
at the top of its periphery and, together with the
action of the bottom piercing punch, was intended to
discourage radial flow at the top and encourage it at
the bottom in order to produce a component with
parallel fully formed gear teeth. As can be seen in Fig.
4c these efforts were partially successful in that full-

Fig. 4 Spur gears produced from the first die set: (a) die set
and required gear shape; (b) an early preform and forging; (c)
final preform and forging.
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form teeth were produced for 4 the length of the
gear. However, severe cracking had occurred on the
top face due to the severe extrusion taking place both
forward into the teeth and backward past the top
punch. Further, cracking had occurred on the crests
of the gear teeth which was attributed to the exces-
sive straining of the outer fibres of the preform.
This leads to the conclusion that this depth of gear
tooth was greater than could successfully be forged in
grey iron.

It was apparent that if successful grey-iron gear
forgings were to be produced, a major redesign of the
die set would be necessary. Many of the problems
encountered would be minimised if the formation of
the plain cylindrical portion at one end of the com-
ponent could be eliminated. Consequently, the die set

'
N7
QA

Fig. 5 Spur gears produced in the redesigned die set: (a) die
set and required gear shape; (b) preform; (c) typical forgings.

shown in Fig. 5a was designed, in which the punch is
provided with the full gear form to mate with the die
and thus forge a vertically symmetric component.
This die set will produce a 3 in diameter 24 D.P. spur
gear. The component can now be forged by a combin-
ation of upsetting and piercing by the top and
bottom punches. The design of the piercing punches
was optimized prior to the design of the die set by
carrying out some experiments in which cylindrical
rings were forged in a piam cylindrical die set®. The
angle was chosen so as to produce a parallel-sided
component.

The preform used and typical forgings produced
with this die set are shown in Figs. 5b and 5c, respec-
tively. Some variation in the outside diameter was
necessary so that the preform would enter the die
when hot, whilst minimising the amount of radial
flow to achieve die filling. These variations are indic-
ated in Table 5 together with the blow energies used.
The success of the piercing punches in encouraging
radial flow at the top and bottom faces, and so
counteracting barrelling, can be judged from the
appearance of the low energy blow forgings. The
high-energy blow forgings showed good tooth
definition and good surface finish.

The main conclusions to be drawn from the work
on forging spur gears was that the design of the die
was of prime importance. It was necessary to remove
the restrictive effect of a plain punch by a mating full-
form punch. Whilst this design presents problems in
costs and alignment it does produce a good parallel-
sided spur gear. In respect of the alignment problem
the use of the Petro-Forge with its inherent guidance
system was particularly valuable. Preform design for
the redesigned die set proved to be straightforward, it
being only necessary to have an outside diameter
sufficient to enter the die and an internal diameter
sufficient to produce the wedge action effect at the
top and bottom faces of the component.

FORGING OF CAST PREFORMS

Casting and melting method

The ultimate aim of the investigation was to establish
the basis of a production process utilising casting and
forging. Forging, of the type envisaged in this process,
would be of high volume to minimise die costs and
therefore the casting process chosen would have to
match the forging process in terms of this volume.
The most suitable technique available which satisfies

Table 5.  Spur gear preform sizes from redesigned
die set
Preform Diameter D* Blow energy
(in) (ft./Ibf.)
A 2:750 850
B 2740 1240
C 2:720 10250
D 2:700 12 100
*See Fig. 5b
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this requirement was the gravity die casting process.
In addition, the employment of the gravity die cast-
ing method would:
(a) enable close control of casting accuracy,
(b) allow easy application of mechanised handling
methods,
(c) eliminate problems of sand casting such as sand
inclusions which would be detrimental to the hot
working process and could lead to excessive die

wear.

Fig. 6 Die casting arrangement.

The casting die machine used for producing pre-
forms in the laboratory is shown in Fig. 6. The
dies are parted and closed by means of two sole-
noid valve-controlled air cylinders. Means of preheat-
ing the dies was provided by electrical cartridge
heaters inserted into both die halves.

Although in a production process the most econ-
omical method of melting cast iron is by a cupola,
this is not very convenient for laboratory use where
small quantities at intermittent intervals are required.
The induction heating method used for this investi-
gation is very rapid and convenient. A 75 kW Radyne
billet heater was modified to supply power to a
heating coil specially designed for the operation.
The coil box containing this coil and the crucible
can be seen above the casting die in Fig. 6. The
bottom pouring technique, which was originally
developed for the investment casting technique®, was
used with this arrangement. Basically, this method
employs a crucible (sodium silicate bonded sand in
this investigation) which has a hole in the bottom
through which the molten metal pours, when the base
of the charge, the last part to melt, finally becomes
molten. The metal charge can be weighed to give the
required amount of metal and thus the method also
affords a convenient means of charge mass regulation.
In practice a thin plug of metal is inserted into a
recess in the bottom of the crucible to act as a
temporary seal, and the thickness of this plug
together with the heat input to the charge controls
the melt pouring temperature.

Cast preform of the flange component. (Fig. 1)

The preform shape to be used for this component was
type 3.2 (Fig. 3¢) as determined from the preform
development work described earlier. The casting die
for producing this preform is shown in Fig. 7. The
two halves were made from blocks of close-grained
grey cast iron with the parting line chosen to be
parallel to the flange of the preform and positioned
midway in the flange thickness. The surface of each
die was prepared by coating with a fine permanent
refractory coating which prior to each cast was aug-
mented by a coating of lamp black from an acetylene
torch.

The requirements of a good cast preform were
complete die filling, with no surface porosity or
misruns. Considerable development was required
before these requirements were met. From this work

)

VENT HOLES

N

Fig. 7 Casting die design for the flange component.
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Table 6. Casting conditions
Charge material
Charge size
Innoculation
Crucible plug
Pouring hole

Average power drawn 30 kW
Overall melting time 3 min
Melting-pouring time 2 min
Melting temperature 1100°C
Pouring temperature 1320°C

3-57%C, 2-:25% Si, 0-014% P, 0-119% S, 0-67% Mn
2} in. diameter X 33 in. long (mass 3 Ib)

0-4% ferro-silicon (75% silicon)

1 in diameter X }-in thick grey cast iron

< in diameter

Table 7.  Cast—reheat—forge test results
Forging dimensions (see Fig. 1) Blow  Reduction Ultimate
Preform Dimension energy  in flange tensile
No. A A B C D F (ftIbf)  thickness strength
(%) (tonf/in?)
Radial Circum.
1 3-825 | 3971 2225 1-857 0440 0375 0375 | 4340 7-4 169 169
177 169
2 3-825 | 3972 2225 1-855 0440 0373 0377 | 5200 7-0 15-5 122
14-5 9-2
10-0
3 3-825 [ 3973 2226 1-860 0440 0378 0373 | 6500 80 - -
3-825 | 3972 2223 1855 0440 0376 0-376 | 8000 77 14-5 169
133 161
5 3-825 {3973 2225 1856 0440 0377 0377 12200 79 14-5 20-5
161 20-5
6 3752 | 3955 2:222 1-855 0440 0378 0360 | 7600 11-0 17-0 182
15-3
125
7 3690 | 3:970 2:225 1-858 0440 0-375 0-335 | 11500 17-0 212 192
20-5 182
229

the plug thickness, die preheat temperature, power
input and pouring temperature were optimized and
the dies modified to improve the runner and riser
system and provide adequate venting. The resulting
conditions used are exemplified by those given in
Table 6.

Preforms produced under the conditions given in
Table 6 were forged in two distinct ways:

(a) separation of casting and forging—a batch of
preforms were produced consecutively, allowed to
cool and then heated up to a temperature of 1000°C
before being placed into the Petro-Forge and forged;

(b) integration of casting and forging—each pre-
form was produced separately, removed from the
casting die at a temperature of 800°C minimum and
immediately placed in a muffle furnace until their
temperature was 1000°C, when they were placed in
the Petro Forge and forged.

In both tests preforms were forged at varying blow
energy and the results for (a) and (b) are given in
Tables 7 and 8, respectively. In test (a) two of the

preforms had their large diameter reduced by
machining as indicated in Table 7, leading to greater
flange reductions after forging.

All the preforms forged, from both tests, showed
no signs of radial cracking and with the exception of
one low-energy blow, die filling was excellent. These
comments equally applied to the two cases where the
flange had been reduced in size prior to forging and a
reduction of up to 17% was achieved. Surface finish
and definition were better in the case of the cast-
immediate forge specimens, but otherwise little
difference could be detected.

To determine the effect of forging on one of the
mechanical properties of grey cast iron, test speci-
mens were cut from the flange of each component
and a number from some unforged preforms. Speci-
mens of 18 in. diameter (see Fig. 8a) were cut with
their axes parallel to the radial directions and perpen-
dicular to this direction; that is, approximately
circumferential. These specimens were ‘pulled’ in a
Hounsfield Tensometer and the resulting U.T.S.
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Table 8. Cast—immediate forge
Forging dimensions (see Fig. 1) Blow Reheat Reduction Ultimate tensile
Preform energy  time in flange strength
No. A B C D E F (ft1bf) (min) thickness (tonf/in?)
(%) Radial Circum.
8 3940 2-235 1-840 0425 0-380 0-385 | 3660 6 49 133 14-1
13:3 149
9 3967 2:240 1-845 0423 0-380 0-375 | 5300 5 7-6 137 16°9
161 19-3
10 39970 2240 1-860 0-425 0390 0-375 | 6290 60 76 10-5 149
- 181
11 3970 2240 1-860 0-425 0-385 0-375 | 7400 6 76 137 169
16-1 19-3
12 3970 2240 1-855 0426 0385 0-370 | 8250 4 76 15-3 17-3
161 149
13 3:968 2240 1:860 0424 0-385 0-375 | 10000 5 76 269 22-1
— 22-1
14 3970 2240 1-860 0-425 0380 0-375 | 10700 5 7-6 217 24-9
17-3 185
Table 9. As-cast and annealed tensile test results

Ultimate tensile strength (tonf/in?)

As-cast

Annealed

11-7 14-9 169
204 21-2

72 9:6 10-0
12-8 13-7 14-5

values are included in Tables 7 and 8. For compar-
ison, the U.T.S. values obtained from unforged pre-
forms, both in the as-cast and annealed conditions
(850°C for 1 hour followed by a slow cool), are given
in Table 9.

The spread in U.T.S. values, particularly from the
unforged preforms, makes it difficult to draw any
categoric conclusion as to the merits of hot working
on grey cast iron, but a general trend toward increas-
ing strength with blow energy can be detected. The
wide spread, which includes low U.T.S. values of the
specimens from the as-cast and annealed preforms
compared with the consistently high U.T.S. values
obtained at high blow energies (e.g. preforms 5, 7, 13
and 14), suggests that forging is having an effect in
minimising non-uniformity effects, for example, clos-
ing up blow holes and porosity. Where larger amounts
of metal flow were possible in preform 6 and 7, they
were reflected in higher U.T.S. values, particularly in
the radial direction. It is notable that the circum-
ferential values are generally higher than the radial
values. This is probably due to the fact that in the
radial direction specimens will extend into the central
part of the component where little if any metal flow
takes place, whereas in the circumferential direction
the specimen is extracted wholly from the worked
area.

The overall conclusion drawn is that forging with
energy blows of 10000 ft Ibf or over results in
increased strength over both the as-cast and annealed

values. This is if the maximum values in each case are
compared, or even if the average values are compared,
which may be misleading. In a similar comparison,
the cast and immediate-forge method shows marginal
improvement over the cast—reheat—forge method.

Cast preforms a tensile test-piece

The disadvantage of carrying out tensile tests with
specimens cut from a forging, as described above, is
that flow lines or aligned grain boundaries may be
cut. Also, material properties will change with depth.
It is possible, therefore, that the gauge length of the
specimen may not be typical of the specimen. To
overcome this problem it would be desirable to detect
changes in properties by subjecting the whole speci-
men to a suitable test. This could be attempted in
two ways:

(2) a component could be subjected, before and
after forging, to simulated service conditions in a
machine specially designed for the purpose;

(b) a tensile test-piece could be cast and then
forged in a manner similar to that of the component
under consideration.

The former course was not pursued due to the fact
that its service conditions were unknown, and there-
fore the latter course was used.

A test-piece was designed, shown in Fig. 8b, which
did not conform to any standard but corresponded
very closely to the flange of the flange component,
Fig. 1. For example the test-piece thickness was
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similar to that of the component flange thickness,
and the width of the gauge length was similar to the
effective width of the flange from the component
periphery to its hemispherical cavity. Test-pieces to
the above design were cast into appropriately
designed grey cast iron dies in a similar manner to
that used for the flange component. Owing to the
fact that some fettling had to be done to the castings
before being placed in the forging die, forging could
not follow immediately and therefore only the re-
heating method could be employed. During forging,
the whole of the preform, not just the gauge length,
was subjected to a vertical load and upset to fill the

b4 26

O

450
770

- g

N
YD

die specimen

6

Fig. 8 Tensile test specimens: (a) machined from the flange
component; (b) diecast.

die space as shown in Fig. 5b. Forging was carried out
on test specimens, of two compositions (see Table
10) at different blow energies. These forged pieces
were tensile tested in a 50 ton Denison testing
machine together with some as-cast and annealed
specimens. These results are listed in Table 10.

No real trend of blow energy can be detected with
the results from composition A, which is further con-
fused by a very high value from the annealed speci-
men, contrary to what is expected and what was
obtained for all other tests. Results from composition
B show the same trend as the results of the specimens
cut from the flange component; that is, increasing
strength with increasing blow energy and metal
deformation. The higher blow energy specimens
exhibit significant improvements over the as-cast and
annealed specimens.

SUMMARY OF CONCLUSIONS

Grey cast iron can be forged successfully in closed
dies provided the preform design is such that it is sub-
jected to compressive loads only during the entire
operation. This may require the deformation to be
restricted to certain areas of the component. Two
components were forged in this manner: a 4 in dia-
meter multi-diameter flange component, of which the
largest flange was upsgt by up to 25% without crack-
ing, the central boss region only being coined, and a
3in diameter 24 D.P. spur gear in which the only
movement of metal was into the gear teeth.

It was possible to forge accurately repeatable
grey-iron components with a good surface finish
which could be sufficiently acceptable to either elimi-
nate or minimise machining. The forged faces would
provide reliable locations for jigging purposes.

The tensile strength of grey cast iron was improved
by hot working, the improvements being related to
blow energy. Cast and immediately forged compo-
nents, whose temperature was not allowed to fall
below the recrystallisation temperature, were
marginally stronger than components that had been
cast, reheated and then forged.

In a process where a forging preform is cast, the
displacement of the metal during forging can be
accurately controlled. Thus, areas that require maxi-
mum strength can be predesignated. Where the metal
is grey cast iron there is no strict limitation on the
shape of the preform that can be cast. If the casting
process chosen is gravity die casting, mechanization
can easily be introduced and preforms can be
presented to the forging at a rate sufficient to main-
tain it in full production. Thus, it is possible, as
Schiegel suggested®, to arrange for the integration of
the preform casting and forging processes. Such a
system would include means of removing the runners
and risers, manipulation of the hot preforms from the
casting machine to the intermediate soaking furnace
and to the forging machine, with full or partially
automated control of the sequence of events. The
forging machine used in this investigation was a
Petro-Forge and this would appear to be particularly
adaptable to such a system. The inclusion of such a
machine at the end of a foundry production line
would seem to present no unsurmountable problems.
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Table 10.

Diecast and forged tensile test pieces

Composition A!
3-57% C, 2-25% Si, 0-014% P,

Composition B2
34%C,165% Si, 0-6% P,

0-119% S, 0:67% Mn 0-12% S, 0:9% Mn
Blow energy Thickness Ultimate Blow energy Thickness Ultimate
{ft 1bf) reduction tensile (ft Ibf) reduction tensile
(%) strength (%) strength

(tonf/in?) (tonf/in?)
2800 07 7-8 2500 1-5 4-1
3360 46 16:8 5060 5-8 62
5840 80 20-3 5850 60 9:6
7300 11-0 11-3 7000 7-8 15-8
8000 11-8 14-5 7850 83 19-8
© 8430 10-2 220
As cast 12-6 As cast 14-7
As cast 139 As cast 7-3
As cast 14-7 Annealed 37

Annealed 19-3

1. Supplied by B.C.L.LR.A.

Acknowledgements

This investigation formed part of the Petro-Forge
Development Contract sponsored by the Ministry of
Technology. The project embraces the design and
development of a series of combustion actuated high-
energy rate forming machines, as well as basic and
applied research into associated processes. The work
is carried out under the direction of Professor S. A.
Tobias.

The authors are also grateful to Mr J. J. Carroll, of
Qualcast Ltd., Derby for his help and suggestions on
the design of die casting dies and for the supply of
materials. Thanks are also due to the British Cast Iron
Research Association, particularly Mr Pinfield, for
their helpful advice and supply of materials.

REFERENCES
1. GILBERT, G. N. J., Iron and Steel, 37, April,
May, June 1964, 130-135, 190-194,

315-319.
2. SCHLEGEL, F. J. W., ‘Process for the Hot

2. B.S.S. 1452 Grade 14

Working of Cast Iron Utilising Dies’, Patent No.
761, 654, Nov. 21st 1956.

3. SCHLEGEL, F. J. W., ‘Hot working of Metal
Castings’, Patent No. 1,078,781, Aug. 9th 1967.

4, KLYUCHNIKOV, S. 1., “The Forging and Pres-
sing of Cast Iron’ Kyznechno-Shtampovschnoe,
1961, 3(3), 19.23.

S. EL-KALAY, A. K. A., BRAMLEY, A. N, and
ENSOR, T., ‘Forgeability of Various Cast Irons
using High and Low Forging Speeds’, B.C.I.LR.A.
Report No. W. 138, 1967.

6. BARTON, R., ‘Hot Extrusion of Cast Iron’
B.C.LR.A. Journal 1965, 13(5) Sept,,
653—-668.

7. SCHLEGEL, F. J. W., ‘Spanlos Umformen Auf
Neuen Wegen’ V.D.I., Verlag Gmbh, Dussel-
dorf, 1965.

8. FARNWORTH, R., ‘The Forging of Cast Irons
by High Energy Rate Forming Methods’, Ph.D.
Thesis, University of Birmingham, September
1970.

9. INGALL, J. B, ‘An Autbmatic Bottom Pouring
Method for Invested Moulds, Eliminating the
Melting Furnace’, 10th European Investment
Casters Conf., Madrid Oct. 1964.



MACHINE TOOL ELEMENT DESIGN



BEHAVIOUR OF THE HORIZONTAL STIFFNESS AND
THE MICRO-SLIDING ON THE BOLTED JOINT UNDER THE
NORMAL PRE-LOAD

by

M. MASUKO, Y. ITO and C. FUIIMOTO*

SUMMARY

The damping capacity of a bolted joint is an important parameter for the calculation of the dynamic behaviour of
machine tools. According to previous studies, it can be presumed that the damping capacity of the bolted joint is
closely related to the horizontal stiffness and the micro-sliding of the bolted joint.

To clarify the behaviour of the horizontal stiffness and the micro-sliding under the normal pre-load, basic
experiments were carried out with the simple bolted joint. The horizontal displacements were measured by using
the strain gauges when a tangential load was applied to the joint surfaces. Experiments were carried out in the
air-conditioning room (20 * 0-2° C), as the maximum value of the horizontal displacement is only less than 1 um.
During experiments the mean interface pressure, which was given by the normal pre-load, was changed from 0-2
kg mm™ to 2-5 kg mm™ and the effects of the methods of machining (which were here ground, lapped and
scraped), the machined lay orientation, the surface roughness and of the materials (here mild steel, cast iron, brass
and aluminium alloy) of joint surfaces on the horizontal stiffness and on the micro-sliding have been investigated.

From the experimental results, it is clear that the horizontal displacement is the direct sum of the elastic
displacement and the micro-sliding on the bolted joint, and furthermore, that the horizontal stiffness and the
mirco-sliding are changed by the conditions of the joint surfaces.

The conditions of joint surfaces have relatively small effects on the elastic displacement, but have significant
effects on the micro-sliding between the joint surfaces.

The experimental results also suggest that the elastic displacement is derived from the concentration of shear-
ing stress on the real contact area between the joint surfaces and micro-sliding is derived from the seizure and the
micro-contact between the surface asperities.

INTRODUCTION

On a machine tool there are many bolted joints and it
is widely known that these bolted joints can influence
the overall static and dynamic behaviour of the tool.
The horizontal bending stiffness and the damping
capacity are especially important factors, as they
determine the dynamic behaviour of the machine
tool.

According to previous studies'’? the horizontal
stiffness and the horizontal displacement on the
bolted joint are closely related to the horizontal
bending stiffness and the damping capacity on the
bolted joint; therefore, the behaviour of the hori-
zontal stiffness and the horizontal displacement have
been investigated here experimentally and
theoretically.

The measurement of these two characteristics is
very difficult, because the friction between the joint

surfaces limits the horizontal displacement and the
maximum value of this displacement is less than 1 um.

To eliminate the many unknown influences, the
basic experiments were carried out with the simple
bolted joint having only one connecting bolt, and the
horizontal displacements were measured by means of
a micro-displacement detector when a tangential load
was applied to the joint surfaces.

Apparatus  for
procedure

The principal of the apparatus which was used to
measure the horizontal displacement on the bolted
joints is illustrated in Fig. 1. The lower test specimen
1 was connected tightly by means of the threads on

experiment and experimental

*Department of Mechanical Engineering for Production, Tokyo Institute of Technology, Tokyo, Japan



82 BEHAVIOUR OF THE HORIZONTAL STIFFNESS AND MICRO-SLIDING

| M6
1 s
|

par R

(®) Rotter.

(@) Steel base.
@ Plate. @ Steel wire.
(@) Micro-dispiacement detector (3) Connecting balt
(8) Possition adjustable base. (10) Dead weight.

® Lower test specimen.
@ Upper test specimen.

<F 25 - 6 M6
Lower test specmen

Fig.1 Apparatus for experiment.

the plate 3, mounted on the horizontal steel base 7
and the upper test specimen 2 was jointed to the
lower test specimen by using the M8 connecting bolt
9.

When the horizontal static load was applied
parallel to the joint surfaces by means of the dead
weights 10 through the roller 6 and the steel wire 8,
the horizontal displacements of the joint surfaces were
measured with the micro-displacement detector 4
which utilizes the strain gauges. For convenience, the
micro-displacement detector was settled on the
position-adjustable base 5 and this base also
connected tightly to the plate 3.

Experiments were carried out with different pre-
loads of the connecting bolt. In all experiments the pre-
loads were constrained to suitable values by
measuring the elongation of the connecting bolt with
the strain gauges attached to the stem of the connect-
ing bolt.

We presumed that the maximum value of the
measured displacement was only 1 um; therefore, to
ensure accuracy of the measured values, the micro-
displacement detector was calibrated by using the
universal micro measuring machine (Type M.L.D.
Mitsuiseiki & Co., Ltd) in the air-conditioning room
at a temperature of 20 * 0-2° C and 70% humidity.

The solid test specimens with shapes and dimen-
sions equivalent to the upper and lower test speci-
mens were used in all experiments in order to
eliminate the unknown influences of the apparatus
for the experiments; for example, a gap between the
lower test specimen and the plate.

After the joint surfaces were degreased with tri-

chlorethylene to obtain the real metal contact condi-

tions, the horizontal displacement was measured after
pre-loading for 5 min, because the normal displace-
ment between the joint surfaces is considered to have
large response time. The horizontal displacement was
measure corresponding to the each step of the hori-
zontal loading and after a time interval of 30 s from
the application of the horizontal load.

In considering the actual bolted joints on machine
tools, the pre-loads on the joint surfaces were
changed from 50 kg to 600 kg. On the test specimen
examined, these pre-loads were converted into mean
interface pressures between 0-2—2-5 kg mm™2 by
assuming that the pre-load was uniformly distributed
on the joint surfaces.

It is very difficult to apply the horizontal load and
measure the horizontal displacement at the joint
surfaces; therefore, as shown in Fig. 1, the horizontal

loads were applied through the upper test specimen
and the horizontal displacements measured just above
the joint surfaces.

Test specimens

The shapes and dimensions of the test specimens are
shown in Fig. 1. For a uniform contact on the joint
surfaces, the upper specimens were made as hollow
cylinders with a 10 mm bore and 20 mm outer dia-
meter, and the lower specimens were made as the
cylinders having an M8 threaded hole. The overall
contact area was about 236 mm?.

The experiments were carried out with the speci-
mens which were made of the following; mild steel
(J.LS., SS41B); cast iron (J.L.S., FC25); brass (J.I.S.,
Bs BM2) and aluminium alloy (J.1.S., A3B2-T4). For
the mild steel specimens investigated, the ground
surfaces had surface roughness H;,,,=1-0 um and 1-8
um and machine lapped surfaces had surface rough-
ness Hp,y between 0-04—1-6 um (7 steps). For the
cast iron specimens, the ground surfaces which had
surface roughness Hp,,, = 10 um and the scraped sur-
faces which had contact point numbers 10, 20, and
30 per in?, were investigated. Specimens made of
brass and aluminium alloy were only investigated
with ground surfaces having Hy,x = 2:0 pum and
Hpax =25 um.

According to previous experimental results®,
machine lay orientation has little effect on the
normal stiffness of joint surfaces; however, in this
study the effects of the machined lay orientation
were investigated further for the ground surfaces.

In this kind of study it is very important to elimi-
nate the influences of the waviness on the joint sur-
faces and the changes of surface topography during
the experiments. Changes in the surface topography
could not be detected by measuring the surface
roughness before and after the experiments; however,
the waviness on the joint surfaces could not be elimi-
nated from the examined specimens, especially for
the ground and the lapped surfaces. For example, the
values of waviness for the ground surfaces were found
to be from 0:2 um to 1-0 um.

GENERAL CHARACTERISTICS OF THE
HORIZONTAL STIFFNESS AND THE
MICRO-SLIDING ON THE BOLTED JOINT
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One of the measured results for the relationships
between the tangential load P, and the horizontal dis-
placement w is shown in Fig. 2 under the various
normal pre-load, Q. The load-displacement curve for
the equivalent solid specimen is also shown by the
broken line. The horizontal displacements of the
equivalent solid specimen, w,, show the fully elastic
behaviour of the joint materials independently which
is in inverse proportion to Young’s modulus; how-
ever, these horizontal displacements of the equivalent
solid are not related to the normal pre-load.

Although the horizontal displacements for the
bolted specimens are larger than for the equivalent
solid specimen, the horizontal displacement of the
joint surfaces is almost linear with the tangential load
during the loading and unloading processes under
high normal pre-load. However, under the low normal
pre-load the hysterisis of the displacement can be
seen after unloading to the initial tangential load, 0-2
kg in this experiment, and a clear residual displace-
ment was found.

This residual displacement can be considered to be
caused by the micro-slip between the joint surfaces or
the micro-plastic deformation on the joint surface
asperities; therefore, in this study the residual dis-
placement is expressed by the characteristic 6, as
shown in Fig. 2 and termed the micro-sliding. From
the figure this micro-sliding &, is given by

6y =W —wp

where wg is the horizontal displacement at the un-
loading.

It is shown further from Fig. 2 that the horizontal
displacement has some form of stick-slip motion dur-
ing the loading process under such a high pre-load.
However, in these conditions this particular behav-
iour cannot be explained exactly and turther
investigations are necessary.

To clarify the characteristics of the horizontal dis-
placement at the unloading wg, the horizontal dis-
placements of the bolted joint subjected to the
repeated tangential load were further investigated.
The experimental results shown together in Fig. 2,
indicate that the measured values of wg are similar in
each loading and unloading process after the first
loading cycle. The displacement wg may be con-
sidered to be caused by the fully elastic deformation
between the joint surfaces.

This behaviour of the horizontal displacement on
the bolted joint was found in all experiments,
although there was a slight difference depending on
the joint materials, the surface roughness, the
machining method of joint surfaces, and so on.

The results show that the horizontal displacement
is the sum of the elastic displacement and the micro-
sliding between the joint surfaces. For convenience,
the horizontal stiffness, K, and the microsliding &,
for the bolted specimens were used and compared
with the horizontal stiffness for the equivalent solid
specimens. The horizontal stiffness is written as

K=Plw

where P is the tangential load.
Furthermore, to ensure accuracy of measurement,
the horizontal displacements w were measured under

P =10 kg, as the measured values of w are very small
for tangential loads less than 10 kg.
In Fig. 3 the general behaviour of the horizontal
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displacement and the horizontal stiffness for the joint
surfaces is shown related to the normal pre-load. It is
clear from the results presented that the horizontal
stiffness increases with increasing normal pre-load and
finally reaches a certain constant value, which is
nearly equal to the horizontal stiffness of the equiv-
alent solid test 3pecimens. However, the horizontal
stiffness of the bolted specimens is less than the
horizontal stiffness of the equivalent solid and has
values of about 70—90% of the horizontal stiffness of
the equivalent solid in spite of the very high pre-load.
Therefore, the additional elastic deformation between
the joints which may be caused by the existance of
joint surfaces, has signigicant effects on the decrease
in the horizontal stiffness.

EFFECTS OF THE MACHINED LAY
ORIENTATIONS AND THE MATERIALS

In Fig. 4 the effects of the machined lay orientations
and the materials between the joint surfaces are shown
for the ground surfaces by using the mean value of
the measured results in order to simplify the present-
ation of the experimental results. The experimental
results show that the machined lay orientations have
no effects on the horizontal stiffness and the micro-
sliding for the joint surfaces made of mild steel, but
have a small effect on these two for the joint surfaces
made of cast iron, brass and aluminium alloy.

The horizontal stiffness for the specimens in
which the machined lays are at right-angles to each
other, are larger than the values for the specimens
with the machined lays in parallel, notwithstanding
the difference in the joint materials. These effects of
the machined lay orientation are found clearly for
the joint surfaces made of cast iron and the alum-
inium alloy; therefore, further experiments for these
effects were carried out with the specimens made of
cast iron, which had both perpendicular and the
parallel machined lays. However, in these cases, the
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former specimen was loaded in a direction at 45° and
the latter perpendicular to the machined lay orient-
ation. The results are not shown here, but the hori-
zontal stiffness values for the specimens having these
machined lay orientations are quite similar to those
for the specimens with the right-angled machined
lays.

The horizontal stiffness on the bolted joint is
influenced by the micro-contact between the joint
surfaces, as the effects of the machined lay orient-
ation already mentioned correlate well with the flow
pressure of the joint materials.

The micro-slidings between the joint surfaces,
the machined lay orientations have quite contrary
effects to those of horizontal stiffness. Namely,
for the specimens having the right-angled machined
lays, the micro-sliding is less than for the specimens
having the parallel machined lays; however, for the
joint surfaces made of mild steel the effects of the
machined lay orientation were not significant.

To clarify the effects of the joint materials, the
displacement of the equivalent solid specimen must
be eliminated from the overall horizontal displace-
ment of the specimen with the bolted joint, because
the horizontal stiffness shown in Fig. 4 was calculated
from the measured overall horizontal displacement.
From the compensated results, it is clear that the

behaviour of the horizontal stiffness is changed by
the joint materials. The horizontal stiffness values for
the joint surfaces made of mild steel and cast iron are
increased steeply with the increasing pre-load and
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approach the valuess for the equivalent solid under
the relatively low pre-load. For the joint surfaces
made of brass, the horizontal stiffness approaches the
stiffness of the equivalent solid for increased pre-load,
but the preload at which the stiffness becomes
constant, occurs at a higher value than for joint sur-
faces made of mild steel. For the joint surfaces made
of aluminium alloy, the horizontal stiffness
approaches the stiffness of the equivalent solid under
a very high pre-load.

It is also known that the micro-sliding is also satur-
ated with increasing pre-load. The relative pre-loads at
which the micro-sliding reaches a constant value, can
be stated as follows in order of ascending value; mild
steel, cast iron, brass and aluminium alloy.

EFFECT OF SURFACE ROUGHNESS

Results presented in Fig. 4 show that the surface
roughness of the joint has significant effects on the
horizontal stiffness, which has a high value for the
smooth joint surface; however, the surface roughness
has no effects on the micro-sliding.

Therefore, for reasons of easy control of surface
roughness, the experiments on the effects of the
surface roughness on the horizontal stiffness and on
the micro-sliding of the joint surfaces were carried
out with the lapped surfaces made of mild steel. The
experimental results are shown in Fig. 5, and from
the results we can confirm that surface roughness
affects the horizontal stiffness and the micro-sliding
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significantly. The micro-sliding gradually decreases
with the roughening of the surface, but the horizontal
stiffness has a peak at which the surface roughness,
H_ .. isabout 0-3 um.

The reasons why the horizontal stiffness has such
particular behaviour can be explained as follows.

The overall horizontal displacement w on the bolted

joint is given by
w=0pg+05,

In both these characteristics, the micro-sliding § . may
be influenced chiefly by the action of preventation
between the joint surfaces which is caused by the
micro-toothing between the surface asperities. How-
ever, the elastic displacement at unloading may be
chiefly influenced by the micro-seizure between the
joint surfaces, which is closely related to the numbers
and mean radius of the contact point®. According to
the improvement of the surface roughness on the
joint, the number of the contact points between the
joint surfaces generally increases and supported pres-
sure on the contact points decreases. Therefore, the
contact points in the micro-seizure conditions
obviously do not uniformly increase with the
improvement in the joint surfaces roughness (Fig. 5).

EFFECT OF MACHINING METHOD

The effects of the machining method were investi-
gated with the test specimens with scraped surfaces
and also ground surfaces.

The experimental results shown in Fig. 6 compare
the horizontal stiffness of the ground and scraped
surfaces. They show that the horizontal stiffness of
the scraped joint surfaces is less than that of the
ground joint surfaces, and the number of contact
points per in® have significant effects on the hori-

zontal stiffness.

The horizontal stiffness of the scraped joint sur-
faces is generally increased with increased numbers of
contact points, but decreased again with a further
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increase in the numbers of contact points. In this
case, the pre-load at which the horizontal stiffness
reaches a certain constant value, is decreased with the
increasing numbers of contact points and finally
remains at a constant value. It can be seen from these
results that the horizontal stiffness of the scraped
joint surfaces has a peak value for the numbers of
contact points.

The micro-sliding for scraped joint surfaces is
larger than for the ground surfaces; also with the
scraped joint surfaces, the specimens with 20 contact
points per in? gave the smallest value for the micro-
sliding. This result confirms further that the behav-
iour of the horizontal stiffness is quite the opposite
to the relationships between the micro-sliding and the
normal pre-load.

The horizontal stiffness of the scraped specimens
which are joined together with the different surfaces
whlch have numbers of contact points 10 per in? and
20 in?, also indicates similar behaviour. However, the
horizontal stiffness of this specimen is almost equal
to the mean value, which is calculated from the hori-
zontal stiffness of each of the scraped specimens
having similar numbers of the contact points.

By taking into consideration the results presented,
it is clear that the methods of machining the joint
surfaces have significant effects on the horizontal
stiffness and also on the micro-sliding.

CONSIDERATION FOR THE ELASTIC
DISPLACEMENT ON THE BOLTED JOINT

From the results already presented, it is clear that the
elastic displacement, &g, on the bolted joint during
unloading, is about half the value of the overall hori-
zontal stiffness under the large normal pre-load, and
moreover, this elastic displacement is larger than the
horizontal displacement of the equivalent solid.
Therefore, the elastic displacement is thought to
determine the horizontal stiffness of the bolted joint.

When the two rough surfaces are mating with each
other, the real contact area between these surfaces, is
very small, compared with the apparent contact area
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of the joint surfaces, and is given by the value of
0/p,, where Q is the normal pre-load and p,, is the
flow pressure of joint materials.’ In this condition,
the shearing stress between the real contact area sub-
jected to the tangential load P is given by (P/Q). p,,,.

If the value of (P/Q) B, is calculated for the speci-
mens made of mild steel, subjected to P = 10 kg and
Q = 50-600 kg, it is clear that this shearing stress is
very large. Therefore, the surface asperities and the
layers near the joint surfaces may be deformed by the
shearing stress when the tangential load is applied to
the bolted joint. The shear deformation of the surface

asperities, however, is negligible, as the surface asper-.

ities can be thought of as circular-cones having
140—170 degree conical angles for the ground sur-
faces, and furthermore, the surface asperities were
restrained.

From the results, it can be seen that the elastic dis-
placement 8p is determined by the elastic shearing
deformation 8, between the joint surfaces. By assum-
ing that the real contact area has n junctions and each
junction is an identical circle having a radius a, the
elastic shear deformation can be calculated by regard-
ing this problem as a problem of elasticity for a semi-
infinite elastic solid with a tangential force on its
surface.

Here, if the tangential load is considered to be
supported uniformly on each junction and each junc-
tion is loaded by P/n, from the solution of the elasti-
city® the elastic tangential deformation of the joint
surfaces is given by

_ P
b= 2 2-v) M)

were G is the modulus of elasticity in shear and v is
Poisson’s ratio.

Therefore, if the values of n and a are known, the
elastic deformation between the joint surfaces can be
calculated. Both these values, however, have not yet
been fully investigated for the various joint materials
and it is very difficult to determine their exact values
for the ground joint surfaces made of mild steel.
According to the experimental results of Bowden and
Tabor®, the values of n and a are as follows:

n=22,a=012 mm at Q =100 kg; and n = 35,
a=012 mm at Q = 500 kg.

In Fig. 7 the theoretical values of §, which were
calculated from the equation (1) by using these values
for n and a, are shown by the full line. The results
indicate that the theoretical values of §, are qualita-
tively in good agreement with the experimental values
of 8g; therefore, it can be said that the elastic dis-
placement &g is caused by the elastic shearing
deformation between the joint surfaces.

According to equation (1), the apparent contact
area has little effect on the elastic deformation; that
is, the elastic displacement. The experimental results
for the effects of the apparent contact area are shown
together in Fig. 7, but the differences in the elastic
displacement between the various apparent contact
areas cannot be seen.

Therefore, we have further confirmed from these
results that equation (1) is a reasonable explanation
of the elastic displacement.
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CONCLUSIONS

In this study the horizontal stiffness and the micro-
sliding on the bolted joint under the normal pre-load
have been investigated experimentally.

For convenience, the real horizontal stiffnesses per
unit area for the bolted joints with various joint sur-
face conditions are presented in Table 1, in which the

Tablel The values for real horizontal
stiffness of bolted joint.
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horizontal stiffness, k, and the mean interface pres-
sure, p, are given by

w—w, 5 and p = SQ—

where S is the apparent contact area between the
joint surfaces.

The experimental results show that the horizontal
stiffness and the micro-sliding on the bolted joint are
largely influenced by the connecting and the surface
conditions, such as the normal pre-load, the surface
roughness and the material of joint surfaces, the

k= p
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machined lay orientation and so on, and show very
complicated behaviour for these factors. Further-
more, the horizontal stiffness generally has quite the
contrary behaviour to that of the micro-sliding on the
bolted joint.

The horizontal stiffness values for the specimens
with the bolted joints are lower than for the equiv-
alent solid specimens, and indicate 50—90% of the
values of the horizontal stiffness of the equivalent
solid under the normal pre-load of 0-5 to 2-0 kg mm™ 2.

To clarify this complicated behaviour, the theory
of elasticity was used and the expression for the
elastic displacement was presented in equation (1) by
which we can suggest a reasonable explanation for
the experimental results.

However, much interesting behaviour is not satis-
factorily explained so far, such as a kind of micro-
stick-slip motion during the loading process, the cause
of the micro-sliding, the quantitative calculation of
the horizontal stiffness with good accuracy, and so
on. This necessitates further investigation to solve
these problems.
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DISCUSSION

Query from A. G Hague, Trent Polytechnic,
Nottingham.

Since you have used such a small area of contact,
namely 236 mm? (about 0.4 in X 0.4 in. square),
how can your results be related to actual surfaces met
in machine tool structures, which are of course much
larger, with an extra factor to consider — surface
waviness or errors in flatness.

Reply

As you point out, the actual bolted joint has a much
larger area and has also large surface waviness or
errors in flatness compared with our examined
specimens.

In this experiment, we have investigated the basic
behaviour of the horizontal stiffness and the micro-

sliding, because it is very important to clarify the
general behaviour of the bolted joint subjected to the
tangential force.

Test specimens with a small area are very
convenient for this kind of experiment. With these
test specimens it is easy to obtain the required
accuracy of the measured value of displacement, and
also to hold the joint surfaces together under a
constant condition.

Although we have investigated the effects of a
surface area on the horizontal stiffness, we cannot, at
present, apply these results to an actual machine tool
design.

We think that if the results presented in this paper
are to be applied to actual surfaces, difficulties may
be encountered in choosing the appropriate scale
factors.

Although some results that take into consideration
the effects of the surface waviness have been
presented, a more detailed investigation is required
for a better understanding.

Furthermore, according to our preceding results®,
the model theory was not satisfied for a bolted
cantilever subjected to a tangential force. We hope
that it may be possible to use the results presented
herein for actual joint surfaces at some later date, if
more detailed and accurate information regarding the
scale factors to be used in a model analysis become
available.

(7) Connolly, R. and Thornley, R. H. Trans.
A.SM.E., Ser.B., Vol. 90. No. 1 (1968—2),p.97.

(8) Ito, Y. and Masuko, M. Trans. Japan Soc. Mech.
Engrs. Vol. 36, No. 284, (1970—4), p. 649.

Query from R. E. Schofield

I must first congratulate Professor Masuko and his
colleagues on their extremely relevant and important
paper in this field.

However, I am not at all convinced that the energy
loss due to the presence of bolted joints is due
entirely to friction or micro-sliding. We have carried
out tests where mechanical interlocking of asperities
is established and have found no less energy loss than
with conventional surfaces. From this we assume that
the energy loss is due to a cyclic plastic deformation
of the asperities in contact.

When the two surfaces are preloaded, the real
contact spots are at the yield boundary of the
materials. Since the interfaces are not necessarily
parallel to the direction of motion, any horizontal
force must cause an increase in pressure and hence a
plastic deformation at these joints. There need be no
micro-sliding whatsoever between the surfaces. This
suggestion would appear to be born out by Fig. 2 in
the paper, where subsequent loadings after the first
show no evidence of deflection other than elastic.
This is consistent with the expectation, since the
plastic deformation has taken place at the first
loading.

It is also born out by Fig. 4 where surface
roughness is shown to have little effect on micro-
sliding. I am in absolute agreement with the analysis
of the elastic displacement. This is a practically
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parallel analysis to the one proposed for normal

deflection in our own paper in this session and also to

the one proposed in Ref. (1) below.

Ref. (1)Schofield, R. E. Schrauhenverhindungen in
Werkzeugmaschinen konstruction. Proceed-
ings 6th Machine Tool Congress, Budapest,
1968.

Reply

As described in the explanation of Fig. 2, we used the
term ‘micro-sliding’ only to express the residual
displacement after unloading.

We should like to point out, however, that the
micro-sliding defined by us in this paper was also
found on the bolted joint in which the friction force
determined by the preload of connecting bolt is larger
than the applied tangential force.

We have not investigated the detailed cause of this
micro-sliding, but we think that it may be derived

from the micro-slip between the joint surfaces or the
micro-plastic deformation on the joint surface
asperities.

The measured horizontal displacement indicates a
sort of infinitesimal stick-slip motion during the
loading, though the friction force is larger than the
applied tangential force.

We could not measure this stick-slip clearly,
because the micro-slip in this condition is very small
and less than 0.1 um.

However, we further confirmed the existence of
the micro-sliding by measuring the change of
electrical contact resistance between the joint
surfaces.

We consider, therefore, the micro-slip can be
naturally found on the boited joint in which P> u Q
and a sort of micro-slip can also be found on the
bolted joint in which P<u Q.

These micro-slips are very important to clarify the
energy loss due to the presence of a bolted joint.



CALCULATING THE ELASTIC AND PLASTIC COMPONENTS OF
DEFLECTION OF PLANE JOINTS FORMED FROM MACHINED SURFACES

by

R. E. SCHOFIELD* and R. H. THORNLEYY

SUMMARY

One of the biggest impediments to the complete computer simulation of Machine Tool Structures is the inability
to calculate values of stiffness and damping for the joints. This paper sets out a method whereby the elastic and
plastic components of the deflection of joints formed from machined surfaces may be calculated. This knowledge
is necessary before the more complicated aspects of quantitive joint analysis, for example, the distribution of

pressure from a bolt, may be carried out.

The method involves a mathematical expression of the surface-finish characteristics and develops a mathe-
matical model for the mutual approach of the surfaces. Both the elastic and plastic components are considered
and it is shown how these may be used to obtain values of initial deflection and elastic recovery. Experimental
results show that the method is valid within the limits of accuracy of the mathematical expression of the surface

finish.

NOTATION

Half-angle of lay orientation

Plastic component of deflection

Elastic component of deflection

Total deflection

See equation 7 and Fig. 5

As defined in Fig. 5

As defined in Fig. 5

As defined in Fig. 5

Poisson’s ratio

Deflection at a point due to uniform pressure

over a given area on the surface of a semi-

infinite body of elastic material

q Intensity of pressure over an area on the surface
of a semi-infinite body

f Feed or distance between cusps

r Half-length of diagonals of contact spots see

figure 5

ME SR P>

P Mean interface pressure
Y.  Yield pressure
E  Young’s modulus of elasticity

I Longer side of contact rectangle

I, Shorter side of contact rectangle

K, Stiffness due to surface characteristics
K, Stiffness due to body of material

K; Stiffness due to bolts

INTRODUCTION

The complete and accurate computer analysis of a
machine tool structure depends on the accurate deriv-
ation of the mass, stiffness and damping values of the
various elements and joints in the structure.

At present it is impossible to calculate values for
the stiffness and damping of joints, and estimates and
assumptions have to be made in the light of previous
experience. This paper proposes a basis upon which a
method of calculating joint stiffness could be
developed.

The total compliance of a bolted joint consists of a
number of components (Fig. 1) due to

(a) flange deformation,

(b) elastic deflection of the body material,

(c) the compliance due to the surface asperities.

Flange deformation
The parameters governing the flange deformations are
(a) the rigidity of the flange (effective EI),
(b) the distribution and design of ribbing,
(c) the bolt configuration,
(d) the distributing of pressure from each bolt.
Data concerning (a), (b) and (c) are readily avail-
able and their possession would allow complex but
soluble analyses of flange deflection providing that

*Department of Production Engineering, Brunel University

+tMachine Tool Division, UMIST
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(d), the pressure distribution resulting from bolts,
were known. This, however, may only be calculated if
it is assumed that the flange is a beam on an elastic
foundation, the foundation being the surface asper-
ities. Calculation of the distribution of pressure in
this case depends on a knowledge of the foundation
stiffness. Therefore, the distribution of pressure from
the bolts, and hence the flange deformation, can only
be calculated if the stiffness or compliance due to the
surface asperities is known.

Elastic deflection of the body material

This depends on the pressures exerted on the body,
and has the same distribution as the pressure from the
bolts. Thus the elastic deflection of the body material
also depends on the compliance due to the surface
asperities.

Compliance due to surface asperities

This parameter is consequently the basis upon which
any calculation of joint stiffness must be developed.
The following, therefore, establishes a mechanism for
the initial approach of the surface and for the elastic
recovery. The parameters affecting these properties
are analysed and quantified and a method for their
calculation is developed.

K, stiffness due to surface characteristics
K, stiffness due to body of material
K, stiffness due to bolts

Fig. 1 Surface, body and bolt stiffness of a bolted joint.

MECHANISM OF THE APPROACH
OF SURFACES

When two surfaces are placed in contact with neglig-
ible normal Mean Interface Pressure, actual contact is
made between very few points. As the mean interface
pressure is increased, plastic deformation of these
points takes place. There is a mutual approach of the
surfaces and actual contact is made at additional
points. Plastic deformation will continue until the
actual area of contact is sufficient to support the
load. Therefore, any given value of mean interface
pressure will produce an equivalent degree of plastic
deformation. There will also be present a degree of
elastic deflection which results from the elastic
stresses set up in the bodies behind the contacting
faces by the localised pressures existing at the points
of contact. The total deflection being the sum of the
plastic and elastic components is that which is experi-
enced during the initial loading of the joint.

If the mean interface pressure is reduced the sur-
faces will move apart due to the elastic recovery. This
recovery will, of course, be much less than the initial

deflection because the plastic deflection will have
resulted in a permanent ‘set’ in the joint. Any subse-
quent reimposition of the mean interface pressure will
result in a deflection equal to the elastic recovery of
the joint until the previous maximum value of mean
interface pressure is reached'. Any increase over this
maximum value will result in an additional plastic
deformation and deflection. Fig. 2 illustrates these
effects.

In a machine tool structure, the ratio between the
cross-sectional area of the bolts and the contact area
between the faces is rarely higher than 1:8. Using
mild steel bolts, a stress higher than 16 tons per in®
of bolt area is difficult to achieve. Therefore, a
Mean Interface Pressure of 2 tons per in® is the
highest reasonably obtainable in practice. Normally,
actual mean interface pressures are well below this
value. These pressures are therefore very small com-
pared with the yield pressure of the material. Conse-
quently, the real areas of contact and the individual
contact spots are comparatively small.

Under the initial loading condition, the approach
of the surfaces depends on their bearing area proper-
ties. With a knowledge of these properties, the initial
deflection can be calculated from the point when the
bearing area becomes large enough to support the
load. This also depends on the yield pressure or hard-
ness of the material, since this is the maximum pres-
sure which an area of contact can withstand. Since
the deformation which gives the contact spots their
shape and area is almost entirely plastic (the elastic
deflection in the plane of the joint is negligible), a
knowledge of the surface topography enables a calcul-
ation of this shape and area to be made. The elastic
deflection can, therefore, be calculated if it is taken
to be that at each contact spot and assumed to be
caused by an area of uniformly distributed pressure
on the surface of a semi-infinite body.

As illustrated above, for joints occurring in
machine tool structures, the mean interface pressures
are very small. This results in contact spots which are
small and comparatively. remote from each other. The
elastic deflection can, therefore, be considered as
being that of one spot due to the pressure at that
spot, which is assumed equal to the yield pressure of
the material. The deflection at one spot due to the
pressure at another may be neglected because of the
above considerations of area and distance. The
validity of this assumption was confirmed by a test in
which surfaces with 1, 4, 9, 16 and 25 identical
contact spots were compressed together. The deflec-
tions of the joints so formed were plotted against
pressure per contact point and, as can be seen from
Figs. 3 and 4, negligible interaction was detected.

It has been shown empirically! (Fig. 2) that the
unloading curve is identical, regardless of the point on
the loading curve from which it commences. This
validates the assumption that the unloading curve can
be calculated from the elastic components of deflec-
tion at any value of mean interface pressure. In the
case of conventional machined surfaces, the asperities
are, of course, not perfectly similar. Compression,
therefore, results in contact spots of different sizes.
The maximum elastic recovery of one contact spot
will be at its centre and will increase in magnitude
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according to its area. Thus, the elastic recovery of a
conventional surface will be that of the centre point
of its largest contact spot. The foregoing indicates
that the parameters governing the stiffness of the
surface region are the material properties of the
machined surfaces and the surface finish characteris-
tics.

Material properties

The material properties which govern joint deflection
are the modulus of elasticity, Poisson’s ratio and the
flow or yield pressure of the material under the
contact conditions. The last is the only one of these
which presents any problem, because of the variation
of yield pressure with the angle of the contacting
asperities. It has been shown', however, that the
Vickers Hardness test is a suitable simulation of
asperity contact and that the value of yield pressure
calculated from this test is sufficiently accurate for
the calculation of the plastic component of joint
deflection.

Surface finish characteristics
Surface error may be considered to fall into two
categories:

(a) flatness, due to errors in machining ways or,
for example, in the profile of a slab milling cutter;

(b) roughness due to tool geometry and errors due
to the following random effects:

1. the machining process throws up random
asperities above the geometric tool shape,

2. pieces of the surface are torn out by the tool
thus reducing the bearing area,

3. the built-up edge effect leaves particles of
material on the surface.

All of these effects are by nature so random that
an accurate assessment of the surface properties
becomes very difficult. It is well known that the
accepted methods for surface assessment do not allow
the bearing qualities of the surface to be calculated. It
has been proposed, however, that the bearing area
curves and the frequency of high spots is a far more
useful method of surface assessment. The authors
have developed this hypothesis into a mathematical
assessment of surface finish characteristics® and this
assessment is utilized below to calculate values of
joint deflection.

Some experimental points have
been omitted for clarity
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Fig. 2 General Joint Characteristics (after Connolly).
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ANALYSIS OF JOINT DEFLECTION

The following will deal with joints formed from
surfaces machined by single-point tools. The analysis
may then readily be extended to other surfaces.

Plastic component of deflection

In expressions developed for the approach of sur-
faces!, the assumption was made that this calculation
of the total approach took into account the elastic
component of deflection. It can be seen from the
following section that this assumption is incorrect
and the approach! calculated is, in fact, the plastic
component of deflection. Since the elastic compo-
nent is small compared with the plastic component in
joints of the type considered’, the difference in the
experimental result is quite small. The relationships
established’ for total deflection may, therefore, be
directly applied to the plastic component; that is

PRI o

or if the surfaces are similar

>\P=h[1—<1—\/—§,f>2] )
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Elastic component of deflection
Surfaces machined by single-point tools, and more
particularly shaped surfaces, may be expressed in the
form of parabolic cusps"®3. When two such surfaces
are pressed together the contact spots will be of
parallelogram shape'. This analysis depends on the
assumption that the elastic deflection due to asperity
contact can be expressed as that due to an area on a
semi-infinite elastic body subjected to a constant
pressure. The area in this case will be that of the
individual contact spots and the pressure, the yield
pressure of the material under the contact conditions.
These assumptions are consistent with the known
recovery shape. The parallelogram' was defined by
the length of it diagonals 2r; and 2r, and the angle of
lay orientation 20.

Parallelogram area is related to the plastic compo-
nent of deflection by the equations

2, sin20 _ ., _AP\/?

S = <1 71?) 3)
and

2r, sin 20 _ AP\Y2

S -1—(1—@) @)

Values of r, and r, may therefore be calculated, for a
given value of AP, from equations 1 and 2 by substi-
tution in equations 3 and 4 and the parallelogram of
constant pressure is thus defined.

The total deflection at a point due to a uniformly
distributed load over an area is given by Timoshenko
and Goodier® as

2

=02 g fasau 0

where q = Y in this case
The maximum deflection will occur at the centre of
the area. Consider, therefore, the centre point 0 of
the parallelogram, Fig. 5a. By the theory of super-
position, the deflection at this point can be calculated
as the sum of the deflections due to the load on each
of the four component traingles.

Consider the triangle in Fig. 5b.

fds =S ©6)

S - n

sinf  sin (180 —B— ¢)
~g=_hsinp ™
"7 sin(B+¢)

substituting equations (6) and (7) in (5)

(=) Y ry sin B
£= nE j sirl1 B+9) dé ®

.-_é;:rl sinf(1—u?) ¥,
nk

v 1 )
Q/ sin (B + ¢) 9

Integrating

E:(l_ﬂz) Yor sing
2nE

X log [1 —cos(B+y) (1 +cos[3)]

(10)

IT+cos(B+¢) (1 —cosp)

The total deflection £, can therefore be calculated by
repeating this procedure for the remaining three
triangles and summing the results.

This gives the elastic recovery of one cusp. Thus,
the total elastic recovery of the joint will be

Ae=2% (11)

In the case of cusps of different materials, the indivi-
dual values of E and u will have to be inserted, and
the total elastic deflection will be

Ae =01 T o2 (12)

Fig. 6 shows how K, r, varies for various ratios of
1,/l, and constant contact area, where /, /I, = the
ratio of the sides of the contact rectangle

= ain R 1—cos (B, +¢,)(1+cosp)
and K, = sin f; log[1 Toos (B 0) (T=cosp)

. 1 —cos (B, + ¥,) (1 + cosBy)
+sin B, log 1+ cos (ﬁi +lp;)(1—cos Bzzz-‘ll

(13)

It can be seen that the maximum recovery for a given
rectangular area occurs for a square and decreases as
the length of the contact area increases. Thus, if the
lay orientation 26 is varied and the applied force kept
constant, cusps orientated at 90° will recover elastic-
ally by a greater amount and the degree of recovery
will reduce with the angle of lay orientation.

A square area of contact will result from similar
surfaces crossed at an angle of 90° so h; = h, =h;
fi = fo = f In this case § = 45° and ¥ = 90°.
Substituting these values in equation 10 yields

2
E=(12 #23711); 4 log

(14)
) 1+1A/2 1+H1IA2
Bl 1T -1A2 1—1A2
L. 35260 —u) Y. r
€= 2\/27:5 } (13)
from equation 1
P _ o2
76—\/-%‘
r (16)

o
1

[ 38
N
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Substituting in equation 15 yields

_3:526(1—u*) ,Pf
£ N2 nE \/2Yc

-'-§=0‘28 (1 _Elfz)\/(P'Yc)f 17

Since all four triangles are congruent,

£0=1'12(1 _52)\/(PYC)f (18)

and7\e=2'24(1;u2)\/(P'YC)f (19)

The relationships in equations 10, 11 and 19 have
been compared with experimental values. The con-
gruency of the unloading curves indicated that the
initial assumption that the unloading curve is the
elastic recovery of the joint is valid.

Total deflection

As stated above, the relationships in equations 1 and
2 involve the permanent plastic deflection. A value of
the total elastic plus plastic deflection of the joint can
therefore be obtained by adding the elastic deflection
Ao equations 10, 11 and 19, to the plastic deflection
Ap equations 1 and 2. That is, the total deflection is

>\t = >\p + >\e (20)

EXPERIMENTAL PROCEDURE

The experimental procedure was identical to that
followed elsewhere!:®, the mean interface pressure
was varied, all other parameters being kept constant,
and the deflection measured. Tests were carried out
on conventionally machined shaped surfaces. The
results of these tests are shown in Figs 7a, b and c,
and Figs 7d, e and f, respectively.

c N

C
{a) Paralletogram Of Contact Between Two (b} Integration Over A Triangle
Crossed Cusps

Fig. 5a Parallelogram of contact between two crossed cusps.
b Integration over a triangle of contact.

1
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Fig. 6 Relationship between K7 and 11/12.
(equation 13)
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Fig. 7a Relationship between A, and f for a variation in
values of P for idcalised surfaces.
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Fig. 7bRelationship between Ae and «/ Y for idealised surfaces.
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Fig. 7c Comparison of theoretical and experimental values
of plastic deflection for a variation in lay orientation for
idealised surfaces.
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Values of feed
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Ye= 96 ton f/in
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Fig. 7d Relationship between Ae and \/P for a variation in
feed values for conventionally shaped surfaces.
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Fig. 7e Relationship between A¢ and f for a variation in
values of P for conventionally shaped surfaces.
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Fig. 7f Comparison between experimental and theoretical
values of elastic deflection for a variation in lay orientation
for conventionally shaped surfaces.

DISCUSSION OF RESULTS

The close proximity of the experimental results to
those predicted theoretically indicates the validity of
the theory. In all cases the experimental elastic
deflection is greater than that predicted, this tendency
being exaggerated with the conventionally shaped
surfaces. The incidence of increased deflection in the
tests with idealised surfaces is probably due to the
effect of superposition of deflection at one contact
spot from the load at another. This effect was neg-
lected in the theoretical prediction.

The greater error consistently associated with the
conventionally machined surfaces must be due to the
inability to nmeasure the surface topography
accurately. This impediment is unlikely to be over-
come in the foreseeable future. It follows from the
theory of elastic deflection that the smaller the real
contact spots, the smaller will be the elastic compo-

nents. It also follows that in general, the larger the
number of real contact spots, the smaller will be their
area.

The best possible scraped surfaces have 25 contact
spots per square inch whereas a theoretical 81 contact
spots per square inch exist on a joint formed from
surfaces shaped with an 0-109 in feed. Although the
real number will be well below 81, it must equally be
much higher than 25. A joint with a surface shaped in
this way should therefore be considerably stiffer than
a scraped joint. This was verified experimentally and
the results are shown in Fig. 8. This confirms the con-
clusion drawn to this effect! .

(a) (b)
Idealised shaped Scraped surfaces
surfaces f=-109in 25 spots /in?

Mild Steel Specimens
E=13x10%ton f/in?
Y. =96 ton f/in2

Mild Steel Specimens
E=13x10% ton f/in?
Y.=96 ton f/in2

h=.0028in h=-00175 in
(1-u2)=.9 (1-p2)=-9
he=-00045in
f.=-03in
(b)
e
<
<]
o
é | L J
250 500 750

Elastic deflection, wuin

Fig. 8 Comparison between elastic recovery of scraped and
shaped surfaces.

CONCLUSIONS

1. The analysis and the assumptions made above
for calculating the elastic component of joint deflec-
tion are valid.

2. The analysis for total initial deflection! is
incorrect, but correct for the plastic component only.

3. The elastic component of deflection increases
with the ratio of material properties (1 — u?) (Y, )/E,
the square root of the mean interface pressure and
the frequency of contact spots.

4. The stiffest joint under elastic conditions is
formed from a material of low (1 — u?) (Y, )/E ratio
and machined to incorporate asperities of regular geo-
metry with an amplitude sufficiently large to elimi-
nate any surface flatness errors and with the maxi-
mum possible number of contact spots. This confirms
conclusions (5)!.

5. A joint manufactured to the conditions of 4.
above may be considerably stiffer elastically than the
best possible scraped surface.
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DISCUSSION

Query from C. Andrew, University of Bristol

The authors state that the unloading curves from any
initial clamping pressure are congruent. This is
contrary to my own findings, and contrary to what I
would expect, since the greater the plastic flow at any
asperity, the higher would be the effective un-
deformed radii of curvature of the squashed asperities
and hence the higher their subsequent elastic stiff-
ness. Perhaps the different results arise from the
difficulty in measuring the gradient in the authors’
experimental presentation. My own measurements
were taken by the comparison of small alternating
loads and displacements, a more accurate method.

Reply

We have found that the unloading curves are con-
gruent over a very wide range of tests, from the
contact spots of asperities % in. high and with a % in.
base through idealised surfaces to conventionally-
machined surfaces of all types. Contrary to Professor
Andrew’s assertion that congruency is unconnected,
the theory advanced in the paper, which shows
excellent correlation with experimental results,
indicates an expectation of congruency.

The elastic recovery of a surface does not result
from elastic deflection of the asperities, which is com-
pletely negligible, but from the body of the material
behind the asperities. Thus, consideration of their
radius of curvature, in all cases a crude assessment, is,
in the case of elastic recovery, irrelevant.

Elastic theory states that the recovery of a contact
spot will be the greatest at its centre. Subsequent
loading will take up this recovery and reform a
contact spot of finite area, which on further unload-

ing will allow a corresponding degree of elastic
recovery. From this, the unloading curves will be con-
gruent. With respect to the method of measurement,
although Professor Andrew’s method permits a form
of statistical accuracy which our individual tests do
not, we feel that the same end is achieved by the large
number of tests carried out.

It is difficult to imagine a more accurate measuring
system than that used by us, consisting as it did in the
application of direct weights with deflective measure-
ment accurate to 107¢ in.

Query from R. Noppen

You have mentioned the importance of stress distri-
bution on the stiffness of the bolted joint.

A paper from Aachen University has recently been
published in the Industrie-Anzeiger. This paper
describes a method of determining the stress distri-
bution around the bolt by placing a pressure-sensitive
paper between the two surfaces. The results obtained
from this method have been generalised and empirical
formulae developed.

It has been found that there is good correlation
between the stresses predicted by these formulae and
the experimental results. Would you, from your
experience, say that this approach, which is in fact
very easy to use, could prove successful in a wide
range of joints used in machine tool structures?

Reply

Empirical procedures, particularly in this field, have
one great advantage, their simplicity, and one great
disadvantage, the difficulty of applying them
universally. I have no doubt that a pressure distri-
bution obtained in the way you suggest would lead to
an accurate prediction of the stiffness characteristics
of that particular joint. The doubt remains that for
each joint configuration or design a separate empirical
list of pressure distribution would have to be made.
Even if this were the case, it would still make a great
simplifying contribution to the study.

Query from N. K. Tewari I. I. T., Delhi, India (at
present at Nottingham University.

Referring to Fig. 3, what methods were used to deter-
mine the number of contact spots.

Reply

The number of contact spots was not so much deter-
mined as designed. Calculation of the number of
contact spots, and indeed the real contact area, is
always very difficult. Therefore, the surfaces used in
this series of tests were specially machined, to give
pairs of surfaces with 1, 2, 3, 4 and S very
pronounced prismatic asperities. Thus, when these
surfaces were orientated at 90°, 1, 4, 9, 16 and 25
contact spots respectively were ensured.



EXPERIMENTAL STUDY ON THE OPTIMUM INTERFACE
PRESSURE ON A BOLTED JOINT CONSIDERING THE
DAMPING CAPACITY

by

Y. ITO and DR. PROF. M. MASUKO*

SUMMARY

The optimum interface pressure on a bolted joint has been investigated experimentally in order to obtain basic
information concerning machine tool design and manufacture. The bolted cantilever, which is the model for a
bolted joint between a column and a base on a planer, was used to calrify the relationship between the interface
pressure and the logarithmic damping decrement on the bolted joint in the different connecting conditions, such
as varying diameters of the connecting bolts, distances between both the connecting bolts, thickness of beams and
bases and so on.

The bending shock loads were applied to the bolted cantilever to give free damping vibrations in all experi-
ments.

It is clear from the experimental results that the optimum value of the mean interface pressure can be found
on the bolted joint where the logarithmic damping decrement is maximum, and furthermore, this optimum value
is closely related to the ratio between the thickness of beam and base. The logarithmic damping decrement is also
influenced by the connecting conditions of the bolted joint as much as by the optimum mean interface pressure.
The distance between the connecting bolts and the conditions of the joint surfaces have further effects on the
damping capacity. For example, when the distance between the connecting bolts is changed only at the bolted
joint, the logarithmic damping decrement indicates the maximum value at a certain distance where the overlap of
Rotscher’s pressure cones is about half volume.

The experimental results suggest that the damping capacity on the bolted joint is caused chiefly by the very
small slip displacement between the joint surfaces; therefore, this small slip displacement was also considered in

this report.

INTRODUCTION

The significance of the bolted joint is widely recog-
nized among machine tool designers and manufac-

is especially important in clarifying the dynamic be-
haviour of a machine tool; therefore, experiments

turers, because the overall static and dynamic
behaviour of a machine tool is largely influenced by
the bolted joints. The static and dynamic behaviour
of the bolted joint, especially the dynamic behaviour,
has not yet been fully clarified and we can find few
studies' on this problem.

It is necessary to obtain information on the
dynamic behaviour of the bolted joint when a
machine tool is designed and manufactured. The
dynamic behaviour of the bolted joint is generally
expressed by using the following four characteristics:
a dynamic stiffness; a damping capacity; a frequency
response or a transfer function, and an isolation capa-
city of vibration on the bolted joint. Of these charac-
teristics, the damping capacity on the bolted joint

were carried out with simple bolted cantilevers having
two connecting bolts and simulating the bolted joint
between a column and a base on a planer.

In all experiments, the overall damping capacity
and the natural frequency of the bolted cantilever
were measured by using a damped free bending vibra-
tion during the decay process, and the measured
values were also compared with the damping capacity
of the equivalent solid cantilever. To express the
damping capacity, the mean logarithmic damping
decrement in five cycles was used, and by investigat-
ing the correlation between the logarithmic damping
decrement and the mean interface pressure on the
bolted joint, the optimum interface pressure for
maximum damping capacity can be studied.

*Department of Mechanical Engineering for Production, Tokyo Institute of Technology, Tokyo, Japan
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This problem is of practical significance as it can
explain why the bolted joint has large effects on the
damping capacity. Therefore, by considering the
experimental results, the causes of damping on the
bolted joint have been investigated, and some inter-
esting new behaviour of the small slip displacement
between the joint surfaces, which can be assumed to
be the principal cause of the large damping capacity
on the bolted joint, found.

NOTATION
B Width of the beam
d Diameter of the connecting bolt
d, Diameter of the bolt-hole

E\.ss  Friction loss energy
Natural frequency of the bolted cantilever

= Wn
2n

H Thickness of the base

h Thickness of the beam

k Foundation modulus of the base

1 Contact length of the bolted joint

by Initial interface pressure by the preload of
bolt

P Mean interface pressure by the preload of
bolt

Popt Optimum mean interface pressure

82 Distance between the both connecting bolts

u Relative displacement between the joint
surfaces

w Vibration amplitude

y(x, ©) Vibration mode of the beam

a Coefficient determined by the joint surface
conditions

) Mean logarithmic damping decrement during
five cycles

Au o

M Friction coefficient

EXPERIMENTS

The experimental set-up for the measurement of the
logarithmic damping decrement and the natural
frequency of the bolted cantilever is shown in Fig. 1,
in which the examined bolted joint was considered to
be the joint between the beam 3 and the base 2. This
experimental set-up has already been used in a
previous study® which investigated the static bending
stiffness of the bolted joint. But in order to measure
precisely the logarithmic damping decrement some
rebuilding was performed. The logarithmic damping
decrement on the bolted joint may be largely
influenced by the conditions of the joint surfaces;
therefore, it is necessary to maintain the joint sur-
faces in constant conditions in all experiments.
Furthermore, it is necessary that the joint surfaces
must be cleaned with trichlorethylene to remove all
dirt, oil and grease. Therefore the bases were grooved
on the underside and the bolt-holes were drilled
throughout, as shown in Fig. 1.

We must consider here another problem namely
that the measured logarithmic damping decrement
includes unknown damping capacities caused by the
experimental set-up. It is impossible to eliminate

completely these unknown damping capacities during
their experimental measurement, and it is also very
difficult to separate theoretically the damping capa-
city of the bolted joint only from the overall damping
capacity. Therefore, to measure a reliable logarithmic
damping decrement on the bolted joint, the vibration
amplitude of the base was measured, together with
the vibration amplitude of the beam at the loaded
point, and by comparing both these values the real
logarithmic damping decrement on the bolted joint
was determined. Whence, as shown'in Fig. 1, both dis-
placement detectors were mounted on the support
beam 7 which was connected firmly to the surface
plate 1.

All experiments were carried out with the various
dimensioned simple bolted cantilevers with two
connecting bolts and the various conditions of the
joint surfaces, shown together in Fig. 1. The vibration
amplitudes of the bolted cantilever and the base were
measured simultaneously by using the damped free
vibration, after the pre-load of the connecting bolts 4
were controlled and changed by measuring the strain
at the stem of connecting bolts with the strain gauges.

To eliminate the additional influences of the mass
and the damping capacity which exist in an exciter
and a displacement detector, the vibration amplitudes
were measured by means of the variable-capacitance
pickups 6, which are non-contact detectors. There-
fore, before the measurement of the vibration ampli-
tuges, correlations between the change of capacitance
and the displacement were examined and recorded on
the oscillograph 10. In this case, the displacements
were calibrated with the microcator.

The normal bending shock loads were applied to
the opposite position of the pickup for the vibration
of beam, instead of the usual exciter. To eliminate the
influences of the shock loads, the vibration ampli-
tudes were measured after the initial transient had
reduced.

The relationships between the logarithmic damp-
ing decrement and the mean interface pressure were
investigated from the damped free vibration. The
total vibration amplitude was 100 um except when
the effects of the vibration amplitude on the
logarithmic damping decrement were examined. The
latter were calculated as the mean value during the
five cycles of vibration; the mean interface pressures
were calculated by using Rotscher’s pressure cone,
assuming that the interface pressure is uniformly
distributed over Rotscher’s pressure cone.

As already mentioned, the surface conditions may
affect the damping capacity of the bolted joint; there-
fore, in all experiments the joint surfaces were
degreased with the trichlorethylene in order to ensure
a clean metal contact.

One of the measured results for the logarithmic
damping decrements of the bolted cantilever is shown
in Fig. 2, which shows that the overall logarithmic
damping decrements of the bolted cantilever, 8541 »
are closely related to the mean interface pressure; but
the logarithmic damping decrements, Sp,se , between
the base and the surface plate are almost constant.
The values of 8y, can be seen to be about 0-08,
although there is a slight scatter of the measured
values. Compared with the experimental results,
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Fig. 1 Experimental set-up

which measured the overall logarithmic damping
decrement of the equivalent solid cantilever &yy);q ,
the values of 8y are equal to those of 8soiq -

It is known that the difference between the values
8iotal and Spase is the real damping capacity of the
bolted joint, as the equivalent solid cantilever has no
bolted joint between the beam 3 and the base 2.

In the following data, the real damping capacities
are given by removing the measured values of § p,ge
from the overall logarithmic damping decrement
6total :

In Fig. 2, the relationships between the mean
interface pressure and the natural frequency are
shown. The mean interface pressure influences chiefly
the overall logarithmic damping decrement, but it has
only a slight effect on the natural frequency of the
bolted cantilever.

In the measurements of the damping capacities,
the accuracy of measurement and the reproducibility
of the measured value are very important, especially
when the damping capacity is caused by friction
between the matching surfaces, such as at the bolted
joint: As shown in Fig. 2, the reproducibility of the
measured values is less than 15%. This value of repro-
ducibility can be maintained in all experiments.

To simplify the further experiments, the effects of
the direction of the shock load were investigated by
using the same experimental set-up. Although the
experimental results are not shown here, the differ-
ences between the measured logarithmic damping
decrement on the bolted joints subjected to the up-
ward shock load and the downward shock load were
found to be 10 to 15%; however, the optimum mean
interface pressure explained already is in good agree-
ment in both cases. If reproducibility of 15%, is
taken into account, then the effects of the direction
of the shock loads may be negligible. In all experi-
ments, therefore, downward shock loads were applied
to the bolted cantilever.

In order to apply the experimental results to a
machine tool design, it is of interest to know what are
the influences on the damping capacity of a bolted
joint having a threaded hole. Therefore an experiment
was carried out with the bolted cantilever having
threaded holes on the bolted joint instead of the
through bolt holes.

According to the experimental results, the differ-
ences in the logarithmic damping decrement and the
optimum mean interface pressure between the above
mentioned types of bolted joints cannot be found.
However, in the case of the bolted joint with the
threaded holes, the measured values were subject to
scatter compared with the bolted joint with through
bolt-holes, and in this case it was difficult to deter-
mine the optimum mean interface pressure from the
measured relationships between the logarithmic
damping decrement and the mean interface pressure.

250 03
N ry
T |lw L 1 1 1t
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/:/ Py ‘\%4
i
o1 . bt
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0 L
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Fig. 2 One of measured results of logarithmic damping de-
crement. Joint surfaces: Ground, Hyax=2-Oum; Materials of
beam and base: SS41B (Mild steel)
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SOME MEASURED RESULTS OF THE
LOGARITHMIC DAMPING DECREMENT ON
THE BOLTED JOINT

Experiments were also carried out to investigate the
effects of the thicknesses of beam and base; the dis-
tance between the connecting bolts and the diameter
of the connecting bolts on the logarithmic damping
decrement of the bolted joint. These effects are
shown in Fig. 3. In these figures, however, to simplify
the presentation of data, the experimental results are
shown by using the mean values of the measured
damping capacities.

It is clear from experimental results that the
logarithmic damping decrement is closely related to
the mean interface pressure and at a certain mean
interface pressure the logarithmic damping decrement
has a maximum value. This behaviour of the
logarithmic damping decrement is found in all experi-
mental results, but as shown in the figures, the rela-
tionships between the logarithmic damping
decrement and the mean interface pressure on the
bolted joint depend on the connecting conditions.

The optimum mean interface pressure at which the
logarithmic damping decrement is maximum, is also
largely influenced by the connecting conditions.

The effects of the thickness of beam are shown in
Fig. 3a, which shows that the logarithmic damping
decrement increases and the existence of an optimum
mean interface pressure becomes evident with the
increased thickness of beam. However, for the thin
beam, such as 4 = 12 mm, the mean interface pressure
has little effect on the logarithmic damping decre-
ment, and there is no particular behaviour visible in
the logarithmic damping decrement. The optimum
mean interface pressure indicates further very
different values between the beam with A = 40 mm
and that with 4 = 24 mm.

Fig. 3b shows that the thickness of base also
largely affects the damping capacity, and the logarith-
mic damping decrement is changed widely from 0-08
to 0-2. The optimum mean interface pressure is also
changed with the various thicknesses of base, but the
thickness of base indicates very complicated effects
on the damping capacity, as shown in the figure. The
reasons why the thickness of base has these effects on
the damping capacity can be explained as follows.

The effects of the base can be classified into two
cases as shown by curves A and B in the Figure. For
the curve A4, in which the base is thick, the logarith-
mic damping decrement is closely related to the
thickness of base and the differences in the logarith-
mic damping decrements between each bolted joint
are large; however, for curve B, in which the base is
thin, the logarithmic damping decrement indicates
roughly the opposite behaviour to the bolted joint
with the thick base.

These results are also shown in Fig. 6 in which the
logarithmic damping decrement and the natural
frequency indicate an almost constant value for the
bolted joint with the thin base; however, both these
values are changed by the thickness of the base when
the base is thick.

Generally, the bolted joint can be regarded as the
three coupling vibration systems which include the

vibration system of bolt, of beam and of base; there-
fore, the behaviour of the logarithmic damping decre-
ment already mentioned can be considered to be
caused by the mass effects of the base. From the
results it can be seen that the thickness of base and
beam are very important characteristics of the damp-
ing capacity, and the diameter of the connecting bolts
and the distance between both connecting bolts are
also very important.

In Figs. 3c and d the experimental results on the
effects of the distances between both connecting.
bolts and the diameter of the connecting bolts are
shown.

It is clear from Fig. 3¢ that the distance between
the connecting bolts has an effect on the logarithmic
damping decrement, but has no effects on the opti-
mum mean interface pressure. The logarithmic damp-
ing decrement indicates a high value for the bolted
joint, with 5, = 60 mm as compared with the bolted
joint with s, = 30 mm and s, = 90 mm. By using
Rotscher’s pressure cone, these results can be handled
as the problem of correlation between the logarithmic
damping decrement and the overlap of pressure
cones.

The bolted joint having s, = 60 mm corresponds
to the condition in which the overlap of pressure
cones is about half volume. These results are also
found on the bolted joint with d = M18, though there
is a slight difference in behaviour between both the
bolted joints. For the bolted joint with d = M8, how-
ever, the effect of the distance between both connect-
ing bolts cannot be seen clearly, because the actual
interface pressure distributions is not expressed exactly
by Roétscher’s pressure cone® but is distributed steeply
near the bolt-hole in this case.

Furthermore, if the diameter of the connecting
bolt is small the pre-load of the connecting bolt can
be considered to be a concentric load, and then the
localized deflection of the beam occurs easily. There-
fore, the overlap of pressure cones is clearly a very
important problem for the bolted joint.

In Fig. 3d, the effects of the diameter of the con-
necting bolt on the damping capacity are shown in
the same overlap conditions of the pressure cones
details of which are shown in this figure. The value
of Ry, which indicates the overlap condition of the
pressure cones, is nearly 0-5 in this experiment.

From the data presented here it is clear that the
diameter of the connecting bolt also has significant
effects on the logarithmic damping decrement and
the optimum mean interface pressure, which are both
increased with the increased diameter of connecting
bolts; however, the natural frequency of the bolted
cantilever is not so affected. These results also con-
firm that the damping capacity is strongly related to
the interface pressure distribution on the bolted joint.

It has been mentioned by several authors* that the
damping capacity on the bolted joint is caused by the
friction between the joint surfaces, and therefore
they concluded that the surface topography has large
effects. To confirm the effects of the surface
conditions such as surface roughness, machining
method and machined lay orientation of surfaces,
experiments were carried out with the bolted canti-
lever. These indicate maximum damping capacity



Y. ITO AND DR. PROF. M. MASUKO 101

according to the previous experimental results.
Typical results are shown in Fig. 4. In the experi-
ments, the surface conditions on the actual bolted
joint were considered, that is scraped surfaces and the
ground surfaces made of cast iron were examined.

From these results, it is seen that the optimum
mean interface pressure and the logarithmic damping
decrement are slightly changed by the machining
method and the machined lay orientation of joint
surfaces.

However the surface conditions, for example the
machined lay orientation of joint surfaces made of
mild steel, have significant effects on the damping

capacity, as shown in Fig. 5. If the difference in
Young’s modulus between the cast iron and the mild
steel is considered, the bending rigidity of the beam
made of cast iron corresponds to a steel beam having
the equivalent thickness 4 = 20 mm. Therefore, one
would not expect a large difference between bolted
joints having 2 = 24 mm. However we found differ-
ences in the damping capacity between these bolted
joints as shown in Fig. 5. It is known that the thick-
ness of the beam and the material of joint surfaces
have marked effects, in addition to the effects of the
surface topography.
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BEHAVIOUR OF THE MAXIMUM LOGARITHMIC
DAMPING DECREMENT AND THE OPTIMUM
MEAN INTERFACE PRESSURE

In Fig. 6, the behaviour of the maximum logarithmic
damping decrement and the optimum mean interface
pressure are shown by considering the ratio between
the thickness of base and beam, as the relationships
between the maximum logarithmic damping decre-
ment and the value of #/H are very important for the
design of the machine tool structure.

When the value of h/H is less than 0-6, the maxi-
mum logarithmic damping decrement is changed
largely by the increased value of A/H, but when the
value is more than 0-6, the maximum logarithmic
damping decrement is not so changed. It is interesting
to note that there is a steep decrease in the maximum
logarithmic damping decrement at the boundary
between both the ranges notwithstanding the
different values of the mean interface pressure. This
singular behaviour of the maximum logarithmic
damping decrement was also found in the experi-
mental results for the bolted joint with 2 = 24 mm.

It is shown also in Fig. 6b that the natural
frequency of the bolted cantilever indicates quite
similar behaviour to the logarithmic damping decre-
ment for the value of #/H. The value of h/H at which
the natural frequency of the bolted cantilever is
beginning to fall, corresponds exactly to the value of
h/H at which the logarithmic damping decrement
indicates a steep decrease.

In these conditions, the reasons why this singular
behaviour appears on the damping capacity of the
bolted joint, cannot be explained; however, we
presume that the effects of the normal dynamic
contact stiffness between the joint surfaces and the
mass of base are changed by the value of #/H as men-
tioned before. Further investigation into these
problems is necessary.

In Fig. 6a, the relationships between the optimum
mean interface pressure and the value of h/H are
shown. It is known from these results that the opti-
mum mean interface pressure is changed by the value
of h/H and indicates the peak value where the value
of h/H is about 0-5. This value of 4/H is the same for
the bolted cantilever with # = 40 mm and /2 = 24 mm.

To clarify the more detailed behaviour of the
damping capacity on the bolted joint, the effects of
the vibration amplitude on the damping capacity
were investigated further. By increasing the vibration
amplitude, the logarithmic damping decrement is
increased and gradually reaches a certain constant
value, but the optimum mean interface pressure is not
so changed, as is shown in Fig. 7. If the beam is thin,
however, the logarithmic damping decrement is
related linearly to the vibration amplitude.

CONSIDERATIONS OF THE
CAUSE OF DAMPING CAPACITY
ON THE BOLTED JOINT

According to the experimental results already men-
tioned, the damping on the bolted joint may be
considered to be a friction damping between the joint
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Fig. 6 Effects of the ratio h/H on the logarithmic damping
decrement and the optimum mean interface pressure. d=M12,
$,=60mm, Joint surfaces: Ground, Hpax=2.0um, Materials
of the beam and base: SS41B

Fig. 7 Relationships between the vibration amplitude and
the logarithmic damping decrement of the bolted joint.
Joint surfaces: Ground, Hpyax=2.0um. Materials of the beam
and base: SS41B

surfaces, because the logarithmic damping decrement
is related to the vibration amplitude. Therefore, the
friction loss energy is determined by a friction force
and a relative slip motion.

On the bolted joint, the friction force is given by
the pre-load of the connecting bolts, but the cause of
the relative slip parallel to the joint surfaces is not so
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clear. However, we can give reasonable explanations
for most of the experimental results assuming the
following mechanism for the slip displacement on the
bolted joint.

As shown in Fig. 8, in vibrating conditions the
initial contact points A on the base and B on the
beam move into the points A’ and B'; therefore, the
relative displacement occurs between the joint sur-
faces. The results of another study® show that this
type of relative displacement is the sum of an elastic
displacement and a relative slip. The relative slip has
significant effects on the energy loss caused by fric-
tion.

By expressing the relative slip between joint
surfaces as Au = ad'B’, and by assuming that the
vibration mode of the beam is given by y (x, £), the slip
velocity is written

20u - oh df 3y (x0)

ar T 2 dt\” ox
where « is the coefficient determined by the condi-
tions of the joint surfaces and % is the thickness of
beam.

The expression for the friction loss energy during
one cycle is thus written as

36l
Eloss =2f f M {pi+ ky (x, 1) }
0 0

Bah 4 (oy(x ) dxdzt
dr ox

where p; is the initial interface pressure and ky (x, )
is the reaction pressure from the base.

AU for h=40mm

Au for h=24mm
HPn

Eioss for h=40mm

Friction force HPn
Micro-slip QU

Eloss for h=24mm

Friction loss energy per 1 cycle Eloss

Mean interface pressure Pn

From the above expression, the damping capacity
on the bolted joint can be related qualitatively to the
mean interface pressure, as shown together in Fig. 8,
because the friction force is beginning to increase
from zero and the micro slip is decreasing almost to
zero with the increased mean interface pressure.

By using the recorded curve of the damped free
vibration, it is also confirmed that the relative slip is
the main cause of the damping on the bolted joint.
Careful investigation of the recorded curve shows that
the damped free vibration consists of several parts,
namely the violently changed vibration amplitude and
the constant vibration amplitude during few cycles,
and more-over that the overall curve of the damped
free vibration can be regarded as the series connexion
of the several damped free vibrations with the expo-
nential curve. This particular behaviour of the
damped free vibration was found in all experiments,
notwithstanding the different connecting conditions
of the bolted joints.

The results also suggest that the relative slip
between joint surfaces is dervied from some sort of
infinitesimal stick-slip motion having a displacement
within 0-1 um; therefore, in the stick conditions, the
vibration amplitude remains constant and in the slip
conditions it falls steeply. The existance of this
infinitesimal stick-slip on the bolted joint has already
been pointed out by the experiments on the hori-
zontal bending stiffness of bolted joint®, but these
are not sufficient. The mechanism of the damping
capacity of bolted joints necessitates further
investigation

CONCLUSIONS

The behaviour of the damping capacity on bolted
joints has been investigated experimentally here, in
order to find out the optimum mean interface pres-
sure on the bolted joint while considering the damp-
ing capacity.

The experimental results show that the logarithmic
damping decrement is closely related to the méan
interface pressure, and has a maximum value at a
certain value of the mean interface pressure. This
logarithmic damping decrement generally increases
with an increased thickness of beam and the diameter
of the connecting bolt, and furthermore is influenced
by the surface topography of joint surfaces. However,
the topography of joint surfaces has a little effect
compared with the connecting conditions of the
bolted joint which have been mentioned.

The experimental results also show that the
logarithmic damping decrement indicates a maximum
value for the special value of #/H and a special dis-
tance between both connecting bolts where the over-
lap of Rotscher’s pressure cones is about half volume.

The optimum mean interface pressure at which the
logarithmic damping decrement has its maximum
value, is also changed by the connecting and the
surface conditions of the bolted joint.

The behaviour of the damping capacities on the
bolted joint are very complicated as mentioned
already, but the natural frequency of the bolted
cantilever is related only to the thickness of beam.
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In order to explain the behaviour presented here
more exactly, the causes of the damping on the bolted
joint have been further investigated by considering
the experimental results, according to which, it can
be considered that the damping capacity on the
bolted joint is given by the friction loss between the
joint surfaces. The relative slip, which is a principal
factor in determining the friction loss energy, can be
derived from the bending deflection of the beam on
the bolted joint and interesting behaviours on this
point can be found.

To clarify the detailed causes of the damping on
the bolted joint necessitates further studies on the
relative slip between joint surfaces. We are now
investigating this problem and will present the results
in the near future.
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DISCUSSION

Query from C. Andrew, Bristol University

The cyclic loss of energy due to micro-shear between
the two surfaces of a joint is a wear process and gives
rise to fretting. Such wear results in a change in the
interfacial contact conditions so that, after a long
period of vibration, no further wear takes place and
the damping stops unless the joint is unbolted and
remade. Have the authors investigated such long-term
variations in damping?

Reply

As indicated in our reply to Dr. R. E. Schofield in
another study’, the micro-slip can be found on the
bolted joint in which the applied tangential load is
less than the friction force defined in the field of
wear. Although there is some difference between the
fretting and the cyclic loss of energy due to micro-slip
between joint surfaces, we agree with a part of your
opinion.

For the latter point of your question, however, we
would say that the damping may not be stopped. It
only decreases and may be held at a certain value
after being subjected to a long period of vibration,

because we presume that our investigated micro-slip
does not disappear in that case.

This problem is at present being investigated and it
is hoped that the results will be published in the near
future.

7. Masuko, M. et al. Presented at this Conf,

Query from R. E. Schofield

Again this is a very interesting and important paper in
the field. However, I can envisage no physical reason
for an optimum energy loss other than a change of
mechanism. That is to say, for example in Fig. 2, slip
is occurring up to the optimum mean interface
pressure, and energy loss increases with increased
frictional force. After the optimum, the mechanism
of plastic deformation applies and energy loss
reduced with increase in contact area. It is note-
worthy that this optimum occurs at 0.2 kg/mm?,
whereas pg1 in a practical case could be as much as
3 kg/mm®, ie. 15 times the optimum pressure,
certainly indicating that slip is likely below the
optimum.

This explanation is born out by Fig. 3a where no
optimum occurs for the thinner beams. This is
because the thinner beam could allow for a greater
concentration of pressure under the bolts than the
thicker beams. Fig. 5 also shows similar effects.

Reply

As we have already indicated in our reply to C.
Andrew, the term micro-slip is used to indicate the
small tangential movement which occurs before the
onset of sliding. In practice, micro-slip is applicable to
connections where the limiting friction force is
greater than the applied tangential force. Further-
more, in Fig. 9 the measured results of 6 for h = 24
mm is shown and it is easy to find the optimum mean
interface pressure. We think that your suggestion for
the mechanism of the optimum energy loss is
reasonable, but it is possible to explain the
mechanism of an optimum energy loss by using the
micro-slip mentioned above. For example, in Fig. 2
the micro-slip is occurring up to the optimum mean
interface pressure and after this optimum pressure a
sort of micro-slip may be seen on the bolted joint.

According to our investigation and calculation
using Rotscher’s pressure cone, the actual bolted joint
found on a planer or a plano-miller has also such a
high mean interface pressure as shown in Table 1.

It seems as if the optimum mean interface pressure
examined here is lower compared with the actual
bolted joint, but as shown in Fig. 10 the static
bending stiffness ki, is almost constant at this
optimum. We think, therefore, that the value of p |
on the ordinary bolted joint may be higher than
necessary.

When bolted joints are used in a machine tool it is
necessary to determine an optimum mean interface
pressure, by taking into consideration all the different
factors, such as the static and dynamic bending and
torsional stiffness and frequency response. It is our
final objective to solve this problem.
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Table 1
Example of machine Mean initial interface pressure Pi kg/mm?

Materials of connecting bolt

J.I.S.SS41B J.I.S. S45C DIN.10K
(Temper)
Double column 0.58 1.25 2.24
plano-miller
(Ko6llmann GmbH)
Double column 0.30 0.65 1.17
planer
(Billeter GmbH)
Double column 0.46 1.04 1.81

planer
(Kinoshita Co. Ltd.)

The pre-stress of connecting bolt is equal to
(0.4 ~ 0.6) og, where oy is the tensile strength
of the material.



SOME ASPECTS OF WEAR ON DISC CLUTCHES
USED IN MACHINE TOOLS

H. LEVY, E. LENZ and K. LOEWY*

SUMMARY

The aim of this work was the prediction of disc service life in electromagnetic clutches of the types frequently
used in machine tools. Wear in these discs occurs as a result of a high engagement rates over short time intervals.

The experimental series included measurements of temperature (by means of an infra red optical pyrometer),
hardness, and surface finish, and yielded a nomogram permitting prediction of the time required for the critical

temperature-hardness level to be reached.
A metallurgical and theoretical analysis is given.

INTRODUCTION

The problem we considered was the prediction of the
disc service life in electromagnetic clutches of the
types frequently used in machine tools. Wear in these
discs occurs as a result of a high engagement rate
over short time intervals. Where the rate is exception-
ally high, most manufacturers recommend a clutch
with a higher torque capacity, that is, reduced
specific pressure.

In this study (a sequel to an earlier paper, see ref.
9), an assortment of discs of different origins was
examined. The wear mechanism was analysed, with
particular reference to mechanical parameters varying
under pre-critical conditions. The relationships
between parameters of this type are expected to yield
an exact quantitative picture of the wear, permitting
prediction of the service life.

LITERATURE SURVEY

The survey covered three categories of publications
dealing, respectively, with the metallurgical and
mechanical aspects and with the clutches proper. No
comprehensive material is available.

Rabinowicz! and Archard? presented hypotheses
relating surface energy and hardness (see Fig. 1a and
1b) as well as surface energy and temperature. Even
though theoretical, the relationship is fairly realistic,
with due allowance for various factors appearing in
the form of coefficients. Archard derived an expres-

sion relating the flash point (the instantaneous maxi-
mum temperature) to the important parameters. This

takes the form
e = _M_)
™4, (K, +K,

where: 6,,, flash point (°F or °C); f, coefficient of
friction; w, load on junction (lbs or dynes); v, sliding
velocity (in. s* or cm s'); J, mechanical equivalent
of heat; g, junction radius (in. or cm); and K, K>,
thermal conductivities of materials in contact.
Khrushchev® proposed, for the first time, a relation-
ship between a wear factor e and the hardness of the
sliding metals (see Fig. 2) as

= AIS
€ Z—l;-n

where e is relative wear resistance.

This relates the linear wear of the test specimen
Al, for a definite distance moved by it and the linear
wear of the standard material AL for the same dis-
tance.

As regards disc clutches and brakes, Rosenberg®
presented theoretical conclusions (including the
service-life aspect) on the basis of tests at a given
engagement rate. Schach® also proposed various
torque-pressure relationships, and Zhitnitskii’, dealt
with the radial pressure distribution over the wear
surfaces (see Fig. 3).

*Department of Mechanical Engineering, Technion—Israel Institute of Technology, Haifa, Israel
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EXPERIMENTAL SET-UP

All disc specimens tested (taken from five-pair
clutches of the same torque capacity—10 kp. m) (see
Fig. 4), were made of low-carbon steel, slightly
surface-hardened (300 HV, final hardness 500600
HV)

Previous work'™ has indicated the relationship
between wear rate and hardness, and surface energy
and hardness. Consequently, it is to be expected that
wear will be related to temperature. Indeed this has
been found by Male?, who related the wear to the
mean temperature. In this work, where short duration
loading conditions exist, we anticipate that the wear
will be more a function of the flash temperature than
of the mean temperature over the duration of the
loading cycle. For this reason the following measure-
ments have been made.

Temperature measurement

The main measuring apparatus, already described in
our earlier paper®, is shown in Fig. 5. It comprises
two vertical shafts [(1) and (3)], one (mounted on
closed roller bearings) rotated by a d.c. motor-driven
belt and the other (mounted on a journal bearing)
capable of partial rotation and equipped with an
arresting device (7). Discs (2) and (4), mounted in
two alternative modes, undergo pressure from shaft
(3) supplemented by weights (6), as shaft (1) is
rotated. The driving motor is equipped with a variable
resistance, thereby permitting variation of the load
and speed.

The friction temperature can be measured by
means of a chromel-alumel thermocouple and an IR
optical pyrometer, with maximum sensitivity at
approximately 2-5 um. The sensitive area is Imm?.
The two lenses in the optical system are arranged so
that the spot diameter in which the temperature is
measured is twice that of the aperture (f; = 25 mm,
f2 =50 mm, d,, =0-2 mm). (Fig. 6). Measurements
were taken radially at different points, but no vari-
ation in temperature could be found.

In order to ensure rapid wear, the most extreme
torque conditions compatible with machine tool
practice were used. The speed limit of the experi-
mental installation being 1,500 r.p.m., the pressure
was increased proportionally to give the correct p-n
level. (For example, a testatn =1,500 r.p.m.andp =
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15 kp mm™2 is equivalent to one at n = 4,000 r.p.m.
and p = 5—6 kp mm™? [see line 7, Fig. 7)].

The specific pressure was determined from the
total force, (measured with a strain-gauge device)
divided by the effective area of the disc, and the
speed was measured with an electronic tachometer.

The interval of temperature readings simulated
that of clutch engaged (and immediately disengaged)
atintervals of 4 and 8 s, respectively, as shown schem-
atically in Fig. 8. The operation was manual and
observations were discontinued after permanent
changes in disc surface conditions were observed.
When this stage was reached, the coefficient of fric-
tion (hitherto practically constant) began to change
significantly, ruling out comparative conclusions.
(Optical  temperature  measurement  becomes
inaccurate beyond this point because, with the change
in surface condition, the emissivity of the surface
changes). Similar results were observed for all the
discs tested. The maximum temperature (that is, the
temperature obtained at the end of the engagement
period) increased with the number of loading cycles.
For the 4 s cycle, the maximum temperature was
found to increase (approximately) parabolically—and
for the 8 s cycle the increase was approximately
linear, as shown in Fig. 7.

Surface-hardness-measurement
After completing the temperature measurements,
surface hardness was measured on a Vickers apparatus
(50p load) and was found to vary with the temper-
ature reached at the end of the load cycle tests. The
hardness reached a maximum (1080HV) at 1100 K
and decreased thereafter (850 HV at 1,150 K) (see
Fig. 9, where each point represents the mean of 5—10
tests). The same pattern was observed in unused discs
subjected to a heating and cooling treatment similar
to that in the load cycle tests. This indicates a direct
correlation between temperature and hardness. (By
contrast on correlation between temperature hardness
was found for unhardened discs, in which wear was
very rapid even at relatively low pressures.)
Comparative examination of disc surfaces before
and after wear led to the conclusion that they under-
go some sort of abrasive ‘grinding’, with the abraded
particles remaining on the surface and increasing its
hardness; parallel grinding tests failed to show the
same increase in hardness.

Service-life nomogram

The results are summarized in a nomogram (Fig. 10),
giving hardness as a function of temperature (K) and
temperature change as a function of p.n and of the
clutch-engagement interval.

The wear criterion adopted here was the onset of
surface grooving and the change in the coefficient of
friction (which, in turn, impairs the reliability of the
clutch). These changes occur mostly above the
‘critical level’ at which permanent change in the
surface occurs.

The nomogram permits the prediction of the time
required for the critical temperature level to be
reached at different p.n values and engagement rates.
It also yields the maximum allowable pressure for
different speeds in serviceable clutches—any applied
pressure in excess of this will cause the coefficients of
friction to decrease.

Repeatability

As accuracy was the principal consideration here,
special steps were taken to reduce measurement
errors and verify the results. The optimal device was
calibrated in a helium atmosphere in an exact dupli-
cation of the measuring conditions; furthermore, the
influence on emissivity of oil filming, surface oxid-
ation, and changes in surface finish were taken into
consideration and compensated for. Repeat runs in
the same conditions showed an accuracy of * 5%. (As
the spot diameter (0-2 mm) is relatively large, the
average temperature is lower than that which would
be obtained with a smaller spot.) As regards hardness,
repeat runs showed deviations, but the averages were
practically identical.

V=

N
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Fig. 4 Electromagnetic disc clutch for 10 kp. m torque.
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Fig. 8 Schematic representation of temperature variation
during cyclic loading tests.
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METALLURGICAL ASPECT OF DISC WEAR

The technique adopted for X-ray examination of the
discs was that described by K. Nakajima and J.
Kawamoto®.

X-ray negatives were taken of a pair of disc speci-
mens, one unused and the other worn, and developed
in identical conditions. Results of repeated tests (Fig.
11) show a definite difference in surface carbon
density (reflected in the blackness of the lines)
between the two specimens (For quantitative analy-
sis, photometric readings were taken with the aid of a
photocell and a computer). Apparently, the heat
generated by the wear process causes the surface steel
to rise above the GSK phase boundary in the iron-
carbon digram (Fig. 12) into a zone representing a
mixture of alpha and gamma crystals. After cooling,
the carbon content of the steel decreases thus creat-
ing a state of ‘congestion’ reflected by the extra
blackness. Where no suitable medium is available for
penetration, however, the surface remains unhardened
and the small amounts of liberated carbon burn off;
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Fig. 11 Photometric readings on X-ray negatives.

100
|
|
1
000 Austenite :
G (Y) |
900 y + FesC |
S |
e |
o 800 |
2 z |
|4 A .
& 700H{P S K
2 Pearlite Pearlite !
+ FesC |
600 Ferrite |
(a) |
|
| | N | | | 1
500 025 05 o8 1 125 15 175 20

% C

Fig. 12 Fe—C diagram for low-carbon steels.

this can be seen in the unhardened discs (which
showed no signs of hardening in the wear tests) and
also when a state of saturation has been reached and
the carbon can no longer penetrate the crystals. As it
burns off, more carbon is liberated from the marten-
site and an immediate drop in hardness is observed.

CONCLUSIONS

1. For a given hardened disc there exists a maxi-
mum temperature, which must not be exceeded if the
clutch is to function satisfactorily.

2. At this temperature (and at higher temper-
atures) carbon diffusion occurs resulting in degrad-
ation of the surface composition, loss of hardness,
a lower friction coefficient and excessive wear.

3. Below this temperature, however, the surface
hardness is an increasing function of temperature, and
this represents the useful range of application.

4. If a disc is insufficiently hardened initially, the
wear rate is excessive throughout its life and the dur-
ation of serviceability is greatly limited.

5. A simple but reliable method has been found
for predicting the service life of clutch discs. Our
results provide a basis for finding service life with
considerable accuracy, and for interpreting surface
changes.

6. The results suggest that, provided the plates are
initially heat hardened sufficiently (that is, greater
than 400 HV), minimal advantage in serviceable life-
time is obtained by heat hardening to higher levels.
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CUTTING FORCES IN MACHINING AND THEIR ROUTINE MEASUREMENT
WITH MULTI-COMPONENT PIEZO-ELECTRIC FORCE TRANSDUCERS

by

G. H. GAUTSCHI*

SUMMARY

Knowledge of actual cutting forces in machining is becoming of paramount importance to both designers and
users of machine tools, because optimum machine performance, tool selection, tool life, cutting-edge geometry,
combination of tool and material to be machined, accuracy and so on are closely related to the resulting cutting
forces. Transducers and platforms for measuring forces in 1, 2 or 3 components and/or torques have been
developed and are described here. Quartz is used as the piezo-electric transducer material because it provides
extremely high rigidity and excellent dynamic response as well as minimal cross-talk between components.
In contrast to other measuring systems, such platforms equal or exceed usual tool holders in terms of rigidity,
thus permitting realistic, precise measurements. Practical aspects such as cross-talk between components,
frequency response, measuring and recording techniques are discussed and the possibilities of adaptive control by

directly mounting transducers into machine tools outlined.

INTRODUCTION

Definition of problem and system requirements
The measurement of cutting forces in machining
corresponds to the analytical problem of determining
the components of a general force vector in a chosen
orthogonal coordinate system and, similarly, the com-
ponents of a general moment vector in the same co-
ordinate system. Because it is impossible to measure
the cutting forces at their actual origin, the reactions
have to be measured in a defined plane distant from
the cutting edge. Therefore, a measuring system is
required which measures correctly, independent of the
point of application of the force and/or moments.

In order to obtain true measurements, the measur-
ing system should satisfy the following requirements:

—original rigidities should be maintained, if not

exceeded
—dynamic characteristics should be as similar as
possible to those of the original set-up
—the mounting of the tool or the workpiece
should remain as close as possible as before

—frequency response should be as wide as possible

—cross-talk between components of forces and

moments should be minimal

—sensitivities of transducers should be unaffected

by time, temperature and mounting of tool and
workpiece

—high resolution, that is the capability of measur-

ing small variations in an important force or
moment

—non-critical adjustment of zero points, sensi-

tivities, measuring ranges and so on.

A number of cutting force measuring systems have
been built mainly by University research laboratories
and are described in the literature. Most of these
require well-trained personnel and special equipment,
which often requires delicate adjustment. The aim of
the development of the systems described here is to
provide the applied researcher in industry with a
simple, efficient tool, permitting him to investigate
and compare different tools and materials, to optimize
particular machining problems and, in general, to
solve the routine problems encountered in machine
tool and tool design and use.

*dipl. Ing. ETH/SIA, Kistler Instruments AG, Winterthur, Switzerland
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Fig. 1 Piezo-electric effects in quartz. (The coordinate systems shown refer to the crystallographic axes).

THE PIEZO-ELECTRIC PRINCIPLE

Certain crystals have the property that electrical
charges appear on their surfaces under mechanical
stress. This is caused by the ‘piezo-electric effect’, dis-
covered by the brothers Curie in 1880.

For force transducers, quartz is one of the most
suitable piezo-electrical materials. The following three
piezo-electric effects are observed in quartz:

—the longitudinal effect

—the transversal effect

—the shear effect.

Fig. 1 shows, schematically, these three effects.

The electrical charges appearing on the quartz
surfaces are collected with electrodes and trans-
formed by a charge amplifier into an analogue vol-

Electrode Weldings

o SN

Fig. 2 Load washers.

Measuring ranges go from 15 kN (14 mm diameter) to 1
MN(120 mm diameter). Resolution with a standard charge
amplifier is about 20 mN on all of them. Compression under
full load is typically 15 um.

tage. Often, quartz elements are used in pairs as this
has the advantage that the sum of the charges can be
collected on one central electrode, thus eliminating
the need for insulating foils.

The transversal effect is mainly used in cases in
which a higher sensitivity (pC-N™') is desired, for
example in pressure transducers, as it is the only
piezo-electric effect in quartz which depends also on
the proportions of the element.

TRANSDUCERS

Individual transducers

Suitably cut quartz elements can be mounted in a
steel housing, thus forming a force transducer. It is
important to note that the steel housing serves only
to distribute stresses evenly over the quartz elements
and to keep the assembly dry and clean, that is to
maintain the necessary high insulation values of over
1013 Q.

For uni-axial forces, the longitudinal piezo-effect
is most convenient, as the electrical charge appears on
the same surfaces as those on which the force acts.
Furthermore, the electrical charge is solely propor-
tional to the acting force, thus independent of the
dimensions of the quartz element. Fig. 2 shows
typical examples of such ‘Tload washers’. Through
pre-stressing, a load washer can also be used to
measure tension.

Multi-component transducers use several quartz
elements arranged mechanically in series, that is the
force acting on the transducer acts also on each and
every quartz element. Because each element is sen-
sitive to stress in only one direction, because of its
selected cut from the crystal, the components of
force can be measured individually. In order to use
the shear effect, it is either necessary to ‘glue’ the
force-transmitting steel parts to the quartz or to pre-
stress the transducer in order to achieve enough fric-
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tion forces to transmit shear. Fig. 3 shows an example
of a 3-component force transducer with a central pair
of quartz elements reacting through the longitudinal
effect to the axial load while the other two pairs react
through the shear effects to the shear forces.

Transducers for moments

A transducer responding to a moment can be
designed by arranging a number of small quartz
discs—cut for the shear effect—in a circle and orient-
ing their shear-sensitive axes tangentially. With all
discs mechanically and electrically in parallel, an elec-
trical charge proportional to the acting moment is
generated. Again, it is necessary to pre-stress such a
transducer in order to have friction forces available
for transmitting the moment. Such a transducer is the
heart of the platform for an axial force and a moment
transducer shown in Fig. 4.

Measuring platforms

One or several transducers can be used to build a so-
called ‘measuring platform’, which have the advantage
that the individual transducers are loaded in a defined
way and that the application of the load is much less
critical than it would be using a transducer only.
Furthermore, platforms permit a larger freedom of
the point of load application than a single transducer.
Any number of transducers can be connected in
parallel to a charge amplifier, and the total signal
obtained will be exactly the sum of all forces acting
on the transducers. A force of constant magnitude
and direction but with a varying point of application
will, therefore, always be measured correctly.

I now describe a selection of such measuring plat-
forms. It is, however, possible to build platforms in
almost any shape and for any purpose within a wide
range of load capacities.

Fig. 3 (top right) Three-component force transducer.
Maximum load in z-direction is 30 kN.

Shear (with 25 kN prestressing in z-direction) + 2.5 kN
Cross-talk is typically <1%.

Fig. 4 (bottom right) Two-component measuring platform
(Fy and My).

Fy-range + 20 kN to —5 kN, My-range: + 100 Nm.
Resolutions of F; about 20 mN and of M; about 0,2 mN.
Overload capacity: 50%, resonance frequency > 3 kHz.
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Fig. 5 Multi-component measuring and recording system for feeding force, moment, and drill travel.

CUTTING FORCE MEASUREMENTS

Drilling

Feeding force and torque are two obvious cutting
forces acting on a workpiece being drilled. Further-
more, a drifting force may occur in the form of a
vector, normal to the drill axis and rotating synchron-
ously with the latter.

It is more convenient to mount the stationary
workpiece on a measuring platform rather than to
attempt to measure the reactions on the rotating drill.
Fig. 5 shows a 2-component measuring platform
installed on a drilling machine.

This platform is based on a 2-component trans-
ducer (¥, and M;) which is mounted under high pre-
load between the base and top plate of the platform.
Should the lateral drift force be of special interest,
the platform may be modified by adding another
2-component cell which reacts to shear in the x- and
y-directions. The rotating drift force vector would
thus be measured in2 components and be recorded as
two sine-ike oscillations with a 90° phase difference.

For investigations such as comparing drills with
different cutting-edge geometries, or comparing the
machinability of supposedly identical materials from
different sources, it is imperative that the drill is
machine-fed. Only in this way do variations in
machinability become clearly evident. Fig. 6 shows
the example of a 5 mm bore through cold-drawn flat-
bar steel, illustrating the well.known fact that the

surfaces are cold worked and therefore ‘tougher’ than
the relatively undisturbed central zone. With hand-
feeding, the operator would automatically tend to
‘equalize’ the varying resistance.

Turning

Turning produces a cutting force, the orthogonal
components of which (main cutting force, feed
force and reaction force) are of interest.

In this case it is advantageous to mount the tool
on a 3-component measuring platform and measure
the reactions on it.

Fig. 7 shows such a platform, which is directly
designed as a tool holder and can accommodate tool
shafts up to 32 X 32 mm?.

Milling
In milling, two approaches may be considered:

—mounting the workpiece on a 3-component

measuring platform

—installing transducers directly into the milling

cutter.

For relatively small work, the first method is quite
satisfactory. The limitations are chiefly the maximum
travel, which is given by the admissible eccentricity of
the acting force relative to the platform.

Fig. 8 depicts a 3-component platform suitable for
smaller milling work. Larger platforms can be built by
using bigger transducers or by bridging two platforms
with a steel plate.
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For investigations of larger milling work, a plat-
form large enough to hold the necessary workpiece
becomes a problem, and the second approach of
installing transducers directly in the cutter should be

I

Internal forces, the sum of which is zero, will
produce a pseudo cross-talk if the different transducers
do not yield equal electrical charges under equal
loads.

Fig. 6 Recording of feeding force F, and moment M, during a 5 mm-bore through cold-drawn flat-bar steel with
n=1215 r.p.m. and 0°04 mm rev* feed.

considered, in spite of the problems of the measuring
system, including charge amplifiers which are no
longer stationary but which rotate with the cutter.

Fig. 7 Three-component measuring platform for turning.
Tool shafts up to 32 X 32 mm?2.

The protective covers have been removed to expose the three
3-component transducers.

Measuring ranges:

main cutting force 20 kN

feed force +10 kN

reaction force +10 kN
Resolution about 20 mN
Overload capacity 50%
Cross-talk, typically <1%
Resonance trequency, typically 2.5 kHz

MEASURING TECHNIQUES

Cross-talk

Theoretically, a transducer or a platform should only
respond to loading in the desired axis of sensitivity;
that is, the cross-talk between component forces
and moments should be zero. In practice, with
careful manufacturing and advanced transducer
design, it is possible to keep cross-sensitivity below
1%, which is sufficient in most cases. This requires
that the quartz elements are cut, ground and polished
towithina few minutes of the required crystallographic
orientation.

Also, transducers have to be mounted between
flat, ground and rigid surfaces in such a way that
stresses are distributed as evenly as possible over the
contact surface. Pre-stressing bolts have to be well
centred and their axes exactly normal to the contact
surface.

When several transducers are mounted together in
a measuring platform, their respective sensitivities
must be as identical as possible.

For special cases, and only with a fixed point of
force application, the residual cross-talk can be
further reduced with electronic compensation, if the
cross-talk is linear. In most practical cases, how-
ever, this is not to be recommended, as the procedure
is cumbersome and may make things worse if not
done very carefully.

Rigidity

Force measurement always involves deformations,
because force as such cannot be measured; only its
effect on a material can be observed. Piezo-electric
transducers use quartz as the material on which the
action of force is sensed, that is the quartz is acting as
the spring element.

Quartz has a stiffness about 40% that of steel,
and because the thickness of the quartz elements is
small compared with the total transducer thickness,
the rigidity of the transducer is almost identical to a
similar piece of solid steel.

The rigidity of platforms depends on their dimen-
sions and proportions. Platforms such as those shown
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in Figs 4 and 7 have rigidities which are only slightly
less than those of the transducers. But the platform in
Fig. 8 is already somewhat ‘softer’ in the vertical
direction if the force is acting midway between the
four transducers. Such platforms are inevitably a
compromise because, for rigidity, the top plate
should be made thicker but, for high resonance, the
mass should be kept to a minimum.

Frequency response

The frequency response of a measuring system is
rather complex, because it is not always possible to
consider a platform (for example) as a simple oscillat-
ing system. Such a system would have the normal
resonance rise associated with a phase shift. With-
out special precautions, the measuring range used
should not exceed about one-third of the resonant
frequency in order to avoid significant errors in
amplitude and phase. If the measuring system had a
well-defined, unique and reproducible mode of oscill-
ation, it would be possible to build a filter compens-
ating the resonance curve and thus to extend the
usable range considerably. Transducers and, even more
so, platforms are very complex systems in terms of
oscillations and in most cases, such a compensation
by a filter would be illusionary.

When considering frequency response, two aspects
must be considered:

—the lowest resonant frequency

—the range of frequency occuring in the values to

be measured.

Generally two ranges of frequencies can be distin-
guished in machining:

—low frequencies, from zero to about 2 kHz

—high frequencies, from about 1 kHz to 100 kHz.

The high frequencies are associated with pheno-
mena which belong to the domain of research on the
formation of cuttings and so on and are not of
interest for the type of cutting force measurements
discussed here.

The lower range, up to about 2kHz, however,
comprises the frequencies transmitted through the
foundations, the natural frequencies occurring in the
different parts of the machine tool, the frequencies
induced by the interaction of tool and workpiece
(especially those induced by the process of built-up
edge) and so on. This range can easily be investigated
with multi-component measuring platforms which
usually have lowest resonant frequencies above
2—-3 kHz.

Suitable instruments for such dynamic investig-
ations are either cathode-ray oscilloscopes or
ultraviolet-oscillographs.

Typical lay-out of a multi-component measuring
and recording system

Fig. 5 illustrates the installation for measuring the
feed force and torque in drilling. Each channel com-
prises a charge amplifier and a galvo-amplifier, driving
a recording galvanometer in the UV-oscillograph. As a
third channel, the travel of the drill is recorded by
transmitting the vertical movement of the spindle by
a wire (kept taut by a counter weight) to a pulley on
the shaft of a multi-turn potentiometer. The latter is
across a constant d.c. voltage source and an analogue

voltage therefore appears on the slider and is fed to
another galvo-amplifier and galvanometer.

TECHNIQUES PARTICULAR TO PIEZO-ELECTRIC
SYSTEM

The piezo-electric system has some peculiarities
not found in other systems.

Sensitivity:

The sensitivity of a quartz transducer is, barring
destruction by mechanical overload or extreme
temperatures, constant for an indefinite time.

Linearity and hysteresis:

Quartz is perfectly linear and free of hysteresis. The
quality of design, manufacture and assembly solely
determine how close the transducer or platform will
come to the potential perfection.

Set-up of a measuring chain:

This is reduced by connecting the transducer with a
special cable to the charge amplifier, dialling the
transducer sensitivity, choosing the desired measuring
range and, in the case of a quasi-static measurement,
re-setting the amplifier before the actual measure-
ment.

Threshold:

In a piezo-electric system, the threshold is given by
the charge amplifier and is, for a given number of
quartz elements, almost constant regardless of the
upper limit of the measuring range designed into the
transducer. A modern, commercially available charge
amplifier has a noise level corresponding to under
0.01 pC on the input. If the load washers of Fig. 2 are
taken as an example, this means that, with a sensi-
tivity of approx. 2 pC.N? | the threshold is about 10
to 20 mN. This threshold is independent of the size
and thus available on all transducers including those
up to 1 MN. The practical significance of this is that
the resolution of a measuring chain can attain values
of 1078 of the maximum measurable value and it
becomes possible to measure minute variations of
large forces.

Static and dynamic measurements:

In principle, only dynamic measurements are possible
with piezo-electric transducers. In fact, this is the
prime domain of this system. But, it is possible to
reliably measure quasi-statically, that is depending on
the measuring range of the charge amplifier, for
periods of minutes to hours, limiting factors being:
drift of the amplifier and the quality of insulation of
the transducer cable and the input of the charge
amplifier. In most cases of cutting force measure-
ment, this limitation poses no problem because the
duration of a cut rarely exceeds minutes.

Absolute and relative measurements:

A piezo-electric measuring system has no zero point
as such. In quasi-static measurements any given state
can be chosen as zero reference by simply re-setting
the charge amplifier and thus eliminating the elec-
trical charge that was present. For quasi-static cut-
ting force measurements, this would usually be done
just before the tool is to engage. Absolute accuracies
with standard measuring platforms and standard
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charge amplifiers are typically within 2% to *4%
without further special calibrations. Precision in
repeatability may be better by a factor of about ten.
In quasi-static measurements, the variations of the
forces are often small compared with the basic force;
that is, the cutting force may show a dynamic part
which is only a tiny fraction of the whole, and it
seems desirable to ‘magnify’ this dynamic part. With
the piezo-electric system this is most easily done by
simply switching to a higher sensitivity during the
actual cut and thus obtaining any desired resolution
up to the absolute limit already mentioned, irrespec-
tive of the simultaneously acting basic force. As an
example, the main cutting force in turning may be of
about 10 kN on which are superimposed fluctuations
of a magnitude of 1 N. Expanding these small fluctu-
ations to full scale reading is achieved simply by
increasing the sensitivity on the charge amplifier.

Fig. 8 Three-component measuring platform for milling,
grinding and turning. Measuring ranges:

Normal to surface +5 kN

Force vector in surface 4 kN
Resolution about 20 mN
Overload capacity 50%
Cross-talk typically <1%
Resonance frequency, typically 4 kHz

ASPECTS OF MOUNTING TRANSDUCERS
DIRECTLY INTO MACHINE TOOLS

Requirements

Quartz transducers have to be installed according to
certain clearly defined rules in order to show their
advantages and to obtain precise and true measure-
ments. In most cases, several transducers are required
to take up properly the eccentrically acting forces
and the resultant moments. Therefore, the transducers
have to be mounted in a plane as close as possible to
the point of force application and preferably parallel
to two axes of the coordinate system into which the
cutting force is to be reduced.

The high rigidity of quartz transducers requires
precise and rigid contact surfaces in order to avoid
local overloading of the quartz elements by stress
peaks and to keep cross-talk to a minimum.

Transducers should preferably be mounted in such a
way that the largest force component is acting axially
and the smaller ones normal to the axis as shear. Pre-
loading is almost always necessary, either to create
friction for shear measurement and/or to permit axial
tension as well.

POSSIBILITIES FOR ADAPTIVE CONTROL

In adaptive control, the transducers serve to monitor
forces in order to

—sense tool-wear

—detect variations of surface quality

—protect against mechanical overloading

—keep cutting forces constant, for example in

contour turning.

Sensing for example tool-wear represents a static
measurement which, as such, cannot be done piezo-
electrically. But a tool is practically never engaged for
more than a few minutes at a time and therefore zero
level, that is the tool being free and unloaded, can be
re-established before each new cycle. This requires an
electronic control system which re-sets the charge
amplifier at the appropriate instants. Dynamic, relative
measurements such as fluctuations of the cutting
force (related to surface quality for example) are even
easier to achieve as no absolute reference level has to
be established periodically.

Signals thus obtained can be fed to discriminators
(indicating whether a preset value has been
exceeded), to peak indicators (recording the maxi-
mum value within a given time interval) or be pro-
cessed in any other way necessary to obtain the
signals required to give the desired control of the
machine.

Obviously, other types of transducers may also be
necessary, such as accelerometers, pressure trans-
ducers (for measurements in hydraulic control
systems), as well as automatic sensing of workpiece
dimensions and so on.

OUTLOOK

The piezo-electric measuring technique has been
perfected to the point of becoming a practical tool
for routine measurements in applied research and
investigations in industry. Modern charge amplifiers
and recording equipment are easy to operate without
the need to make critical adjustments and no longer
require electronic specialists as operators. Installation
of transducers -and platforms is clearly defined and
can be adapted to a wide range of applications.

This report describes the present state of multi-
component piezo-electric force and moment measure-
ment and indicates some potential possibilities for its
application in machine tool design and use.

Increased mutual feedback between instrument
developers and machine designers and users is desir-
able to create optimum systems, taking full advantage
of the inherent and unique characteristics of the
piezo-electric system.
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DISCUSSION

Query from B. J. Davies, Staveley Engineering

What are the indirect and direct effects of temper-
ature on the output of the transducer?

Reply

The direct effect of temperature on a quartz type
piezo-electric transducer is a variation of the sensi-
tivity of 0.02% (° C)7!,i.e. measuring at a temperature
50°C higher will be with the sensitivity reduced by
1%.

The indirect effects are extremely complex.
Quartz, like all piezo-electric materials, is anisotropic
with respect to elastic constants, thermal expansion
and so on. Because the quartz discs have to be sand-
wiched between metal parts (force introducing parts,
electrodes, etc.) with different characteristics, temper-
ature has an indirect effect which results in a signal
varying with temperature. In a force transducer this
means for example that, if the temperature varies
during the measurement, a signal of X N (°C)™" will
be superimposed on the desired signal and a zero off-
set at the end will be observed. Usually, the temper-
ature varies nearly linearly with time and an approxi-
mation can be made by connecting the starting zero
with the offset zero at the end by a straight line and
using this line as a reference line for intermediate
points. An extensive research programme is underway
to understand fully these indirect temperature effects
and to find practical ways to compensate them fully.

Query from Professor Peters

In the past we have been promised that we would be
given a reliable dynamometer which uses the piezo-
electric elements. I wish very sincerely that the
proposed solution fulfils the need. However, I doubt
whether this has been achieved because of the
temperature sensitivity problem and the problems
associated with light damping, as well as the influence
of the mounting of the tool and the dynamometer on
the machine.

Reply

Piezo-electric dynamometers have come out of their
infancy and most of the early problems (ceramic top
plates, failure of electric insulation etc.) have been
eliminated. Properly installed (flat and rigid mating
surfaces), these dynamometers are now as reliable as
any other system. This is substantiated by more than
30 installations already in use.

I did not claim complete absence of temperature
sensitivity: nevertheless, considerable improvements
have been made and further R—D efforts are under-
way to eliminate these temperature effects. It should

be born in mind, however, that in a system where
measuring deflections are only a few um, this is a
difficult task indeed.

Damping such a dynamometer would be very
problematic, to say the least. First of all, a dynamo-
meter installed on a machine tool will hardly ever
show a single reproducible mode of oscillation, but an
interference of a number of oscillatory modes.

For routine measurements, this means that the
lowest resonant frequency f,, (min) of the installed
dynamometer should be determined experimentally
(possibly running the machine with the tool dis-
engaged and using the dynamometer as an accelero-
meter). The usable frequency range in the measure-
ment may then be taken up to about 0,3 X f, (min).
Otherwise, additional accelerometers in appropriate
locations and frequency spectrum analysis would
have to be brought in.

As pointed out in the paper, dynamometers are
only useful for the lower frequency ranges (up to
about 2 kHz). High frequency investigations (such as
chip formation) in the 10—100 kHz range cannot be
done with such dynamometers, however perfect they
may be, because the mass between the sensing
elements and the tool tip is simply too large. The
answer would be, as an example, a subminiature
multi-component force transducer that fits directly
under the tungsten-carbide tool tip, and that is still
far in the future.

Query from A. Russell, N.E.L.

When the device is used in conjunction with charge
amplifiers in order to measure high forces down to
almost DC frequency, can the higher frequencies still
be measured or are they integrated into the long time
constant of the charge amplifier?

Reply

The charge amplifier does not integrate the higher
frequencies when operating on long time constant.

Long time constant corresponds to the DC—mode
on an oscilloscope, while operation on ‘short time
constant’ corresponds to the ‘AC—mode’ on a ’scope.
Therefore, high frequencies can always be measured.
The only limit when working on ‘Long time constant’
is the fact that the amplitude of the high frequency
signals may be very small compared with the DC—
compound and the accuracy of the amplitude
measurement will be reduced. The frequency, how-
ever, can always be determined as long as the oscil-
lations can be recognised as ‘ripple’ on the basic
signal. Frequency response of a modern charge
amplifier in the ‘Long time constant’ mode goes from
DC to over 200 kHz.



THE EFFECT OF APPEARANCE CONSIDERATIONS ON THE
DESIGN OF A SMALL NC MILLING MACHINE

E. J. HUNTLEY, R. ROSE, J. S. SHEEN*

SUMMARY

Problems of appearance in the design of a complex machine tool are discussed here. The design of a small NC
milling machine is described, in which considerable attention was given to appearance without adversely influenc-
ing its cutting performance or increasing the cost. Although appearance considerations led to the design concept,
the approach was found to be justified from design and production advantages alone.

INTRODUCTION

Appearance is a characteristic with no technical
definition. There are no formulae on which to base its
design, and there is no test equipment to measure
the success of the finished product. It is extremely
difficult to express clearly what is meant by good
appearance, yet at every compromise in the design,
appearance has to compete with the other items in
the specification, many of which are defined to have
numerical values. The only clear fact that is likely to
emerge concerning appearance is that it should not
increase the cost of the machine. Few, if any,
customers would knowingly pay more for a better
looking machine. Some customers associated reli-
ability with the more old fashioned designs, and
others associated good technical design with good
appearance.

In fact, the only consolation for a good looking
machine is that it may have the ‘edge’ on a competi-
tor’s machine of equivalent specifications. This is the
situation all designers face when deciding what atten-
tion should be given to appearance.

We describe here how this apparently unrewarding
challenge of appearance was tackled in the design of a
continuous path tape-controlled replacement for a
manual No. 2 size, knee type vertical milling machine.
The description of the design will be confined to
those parts most affected in the compromise between
appearance, cost and technical requirements.

As well as the technical specifications to which
numerical values could be given, there were the
following design objectives. (a), To improve the struc-
ture. (b), To include feed drives, the performances of

which were suitable for continuous path control. (c),
To be of unit construction, with each unit being
capable of being tested before final assembly. (d), To
be less dependent on skilled fitting, that is, easily
assembled. (e), To be produced in small batches, but
of sufficiently low cost to encourage the use of con-
tinuous path control for general machining. (f), To
have ease of access for maintenance and built-in
facilities for fault finding. (g), To have clean lines and
pleasing appearance, with low finishing costs. (h), To
use, where suitable, existing components or sub-
assemblies. In this short list, appearance sseems
insignificant alongside the technical and economic
importance of the other items.

Previous experience had shown that, on small
machines in particular, it was fatal to try and improve
the appearance when the design was nearly com-
pleted. Often there is not the space. because small
machines usually have the same spindle and feed drive
requirements as much larger machines; they use the
same cutters and are expected to take the same cuts.

One way of cleaning up the lines is to arrange the
sub-assemblies inside the main structure so that just a
cover plate shows. Even when this does not ruin the
structure, the cost becomes excessive and access for
build and maintenance is difficult, especially where
piping and wiring are involved.

The effort required to tidy up a design can be
surprisingly great and the results far from rewarding.
This is because appearance is relative. The fact that
the appearance is better than it was, does not help
unless it is good enough. As each monstrosity is
removed, the others stand out more clearly. The skill
comes in knowing when to stop, because a point is

*Staveley Engineering and Research Centre, Worcester,
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reached after which the designer’s good intentions
make matters worse and the machine can become even
more hideous than the first attempt which had little
pretentions to good looks.

It is not easy even for an experienced designer to
judge the appearance of a machine from two-dimen-
sional views showing merely the outline of the main
parts. High-lights, shadows and colouring can have a
tremendous effect. Small prominent parts can have an
effect out of all proportion to their sizes.

The problems are not only confined to the
designer. Each of his team has his own idea of good
taste and it is difficult to impose a uniformity of
concept and to stop personal influences coming
through. Further problems arise from last minute
modifications when the part that no-one thought
would give trouble has to be re-designed and its new
shape no longer blends with the machine.

An examination of any machine will show that
money has been spent on its appearances, whether it
has been deliberate or unconscious. Some examples
are easy to recognise, such as letting in cover plates
flush with the surface; others.infiltrate the whole
design and are difficult to separate.

In this example, if the appearance of the new
design was to be taken seriously it was obvious that a
different approach would be needed. This led to the
proposal of designing the machine to be purely func-
tional from the technical and production point of
view and then to cover the whole with fibreglass or
metal covers as appropriate. An appearance design
consultant would be engaged to advise on appearance,
so relieving the machine designer of the part that he
was least qualified to perform.

The idea of completely covering an object is not
new, the human body was made this way as was the
motor car, but this approach had not been generally
adopted in machine tools, in fact quite the reverse.
The reasons were not obvious. The most likely was
unfavourable cost, but on the basis of a rough esti-
mate there seemed little or no risk. Some protective
covers would be needed whichever design concept
was chosen, and therefore the cost of appearance for
the completely covered machine would be, in effect,
the cost of the extra covers; this would be largely
off-set by the amount normally spent on appearances
and savings arising from simplifications of parts
underneath the covers. From the technical point of
view there only seemed to be advantages.

As soon as the first ideas had been committed to
paper, the Appearance Design Consultants, F. C.
Ashford & Associates, were able to start work and
tentative schemes were drawn up for covering the
machine; layouts for the various control panels were
also considered from the start. Throughout the design
there was close liason with the Appearance Design
Consultant and although compromises were inevitable
at times, the association was remarkably smooth and
rewarding.

The factor that stood out immediately after the
tentative outline of the envelope-had been agreed was
that design beneath the envelope could go ahead con-
centrating exclusively on technical and cost aspects,
and completely ignoring appearance. This turned out
to be a considerable psychological advantage to the

design team. In fact, the freedom took a little
getting used to and highlighted many ingrained habits
that had been costly.

A one-eighth scale model was made out of wood
so that it could be easily updated as the design pro-
gressed. It was painted in the standard two tone
colour scheme with scaled coloured nameplates
provided by the Consultants; the control panels were
scaled photographs fixed in position. In this way the
three-dimensional effect of modifications to the
covers was immediately apparent. The model was also
found to be an ideal way of keeping design, produc-
tion and sales teams informed as to the final appear-
ance of the machine, and provided a continual source
of encouragement. Photographs of the model looked
so realistic, that they were used for advance publicity.

Fig. 1  Basic structure.

The machine was designed with a box section
structure of constant width from the knee through to
the head ways. As well as its good structural proper-
ties it also provided flat surfaces on which to bolt
sub-assemblies, often without machining the surface.
Every effort was made to confine sub-assemblies to
the outside of the structure, to minimise the aper-
tures in the structure and maintain its good torsional
characteristics.

By arranging the covers parallel to the constant
width structure, a space of constant depth was made
available under the covers. Thus, throughout the
design, the position of parts mounted on any of the
side faces, could be re-arranged quite freely to arrive
at the best compromise. In fact, there was no need to
fix the positions of the less important parts until the
end, with the assurance that these would not affect
the design of the covers. Last minuted modifications
presented no problems, because parts could be re-
arranged to provide space.
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By bolting sub-assemblies to the outside of the
structure all the faces of the sub-assembly are access-
ible for build and maintenance except the one by
which it is fixed; also a larger surface area is
presented, from which to choose when arranging pipe
and cable connections. As a result, the large structural
elements become relatively simple, which is an added
advantage. This arises out of the generalisation that
all parts within certain size limits should be designed
to the same level of complication, because both the
cost and the probability of machining errors increases
more steeply with the complication;in particular, large
parts should be of less than average complication
because they can only be produced on large machines
which cost more to run.

The base, column and spindle gearbox were fabric-
ated of mild steel, except for the front face of the
column which forms the ways for the cast iron knee,
and this was made of E.N.8. This is an interesting
application of E.N.8, suggested by Professor
Koenigsberger, in that it welds relatively easily and
when - induction hardened to 45° Rockwell, has
adequate wear properties for an intermittently used
axis. The remainder of the structure was made of cast
iron. A rough comparison with the structure of the
manual machine showed that although their bending
stiffnesses were similar, the new design had a
torsional stiffness almost an order higher.

— —

Fig. 2 Flange joint.

An improved flange joint was provided (Fig. 2) by
cutting a groove in one of the flanges parallel to the
wall, thus the outer edge of the flange acted as a heel
point for the bolts to pre-load the walls of the struc-
ture together.

The hydraulic power-pack and contactor panel,
shared the same chassis and were loosely attached to
the side of the machine. This was found to take up

less floor area than separate cabinets having the same
accessability, as well as facilitating piping and wiring,
and reducing the covers needed. The N.C. control
equipment was fixed, as was the machine control
panel, so that the operator would always know where
to find them and be able to take the quickest possible
action in an emergency.

Wiring and piping are usually very much under-
rated problems, both in design and production. This
is because it falls into a ‘no-mans land’ in the field of
engineering bordered by mechanics, hydraulics and
electrics. It is often simply assumed that there will be
room for it, and sometimes left to the wireman and
pipe fitter to choose the best route.

This machine concept was well suited to pre-
formed wiring and piping. A complete conduited wir-
ing system could be assembled onto the outside of
the structure; there would be no problems of thread-
ing wires or pipes through castings for the sake of
appearance, and routing could be direct. On the
other hand, if it was to fit, it had to be designed in
detail like any other part of the machine.

The economic argument for pre-formed wiring and
piping is very sound. Piping and wiring always come
towards the end of building when the capital tied up
in the machine and its control equipment is virtually
a maximum. It is therefore at this stage that the
greatest savings can be made by reducing throughput
time. One way of doing this is to increase the work
force, but on a machine of this size only a limited
number can work efficiently at the same time. The
best way of reducing throughput time is therefore by
using pre-formed assemblies of wiring, conduiting and
piping, which can be put together at slack times and
thereby improve the work loading of the electrical
and hydraulic departments. Furthermore, efficiency
is increased by producing the assemblies in batches
and by testing and correcting them before they are
assembled onto the machine.

The tapped holes for piping, and conduit clips,
manifolds, and junction boxes were made by an NC
machine during the general machining of the struc-
tural components, in order to speed assembly. Two
wiring sub-assemblies were designed, one for the NC
equipment wiring and the other for the general elec-
trics, and they were routed separately to prevent
interference. Flexible conduit was used throughout,
with junction boxes as distribution points. Swivel
ends to the conduit eased the final assembly onto the
machine as did push-on connectors. Because appear-
ance under the covers was unimportant and there was
adequate space, routing was made as direct as poss-
ible. To obtain accurate lengths for the conduiting
and wiring harnesses, the first machine was wired in
the normal piecemeal manner and then stripped and
measured. The conduited harnesses turned out to be
surprisingly heavy and difficult to handle until one or
more of the key points had been fixed in place on the
machine and this is where the already tapped fixing
holes were invaluable.

It is impossible to keep dirt out of the hydraulic
system by piping a machine in the conventional way,
especially if other work is in progress at the same
time; consequently the whole system, including mani-
folds and fittings have to be finally stripped, cleaned
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and the re-assembled. On the other hand, with pre-
formed piping, dirt is confined to a piping jig, and
pipe fitting is at bench level where there is
greater accessibility; also specially hardened pipe
fittings can be included in the rig to ensure correct
formation of the compression rings. The rapid
assembly time of pre-formed pipes, hoses and mani-
folds, cleaned just before assembly, justifies clearing
the machine of all other activities.

The use of jigs does create the problem that the jig
cannot take into account the accumulation of toler-
ances between the two parts of the machine being
connected. This is catered for, however, by designing
each pipe to contain at least one right-angle bend so
that it can flex to take up small tolerances. Shortage
of space was most acute around the knee and cross
slide (Fig. 3). Pipe, and in particular hose routing, was

Fig. 3 View under knee and cross slide covers.

made even more difficult by the need to consider the
covers of parts moving relative to one another, in a
region where swarf and coolant had to be taken into
account. By keeping hose lengths to a minimum,
horse bores, and therefore their bend diameters were
minimised; we took advantage of the characteristics
of the feed drive here, in that high flows are only
required at fast traverse when loads are light and
there is pressure to spare to cover pipe losses. Com-
plication was confined to manifolds, one for each of
the feed drive motors and two for distribution; one
was fixed to the column and the other to the knee.
By aligning the outlets of the manifolds which were
to be connected, in either a horizontal or vertical
plane, the complexity was greatly reduced, and the
number of pipes and hoses reduced to the theoretical
minimum.

There now remained the problem of designing the
actual covers, and this proved to be more difficult
than was thought at first. The envelope had to be
divided into sections which could be handled easily
but not be prone to damage. Ventilation had to be
confined to those places where coolant and dirt
would not present problems and where the operators
of this and nearby machines would not be subjected
to strong draughts. The sections had to be hung on
the structure so that the joints were not ugly,
although the structural fabrications and castings were
to open limits; the covers on the moving parts had to
slide past other covers and not leave obvious holes.
Certain covers that would have been ideal in fibre-
glass from a production point of view had to be made

of steel because they provided excellent footholds for
climbing onto the machine during building or main-
tenance.

The problems of mounting the column covers were
solved quite simply by providing a frame from which
they all hung. Both the covers and the frame were
drilled from jigs, thus controlling the horizontal
dimensions of the gaps. The bottoms of the covers
were attached to the column. Simple resilient mounts
provided the means of adjustment at the fixing points
and the covers were held in place with knurled nuts,
so that they could be removed quickly without tools.
The spindle speed change panel was located on the
pointer and handle shafts and spring loaded outwards
to fit against the inside of the large side cover.

The most difficult covers were those around the
knee and cross slide where there was a severe space
limitation, coupled with the need to seal against swarf
and coolant. The key to this problem was the intro-
duction of an open sided structural box attached to
one side of the cross slide, to hold hoses and cables.
This box divided the covers conveniently, and
allowed the use of a single cover for the front and
side of the knee and similarly one for the front and
side of the cross slide (Fig. 3).

Towards the end of the project the techniques of
cover designing were becoming more apparent. Two
basic rules emerged from the experience on this
machine. The first is to keep the number of covers to
a minimum; do not use two covers where one will do.
The second is to keep the number of mounting points
for each cover to a minimum; three is ideal.

A measure of the success of the cover design is the
comparative absence of hoses and conduits (Fig. 4);
this is rare for NC machines with hydraulic feed
drives. Even so, one large hose was later introduced
on the left of the knee to conduct coolant directly to
the tank; it was found that the original open return
caused splashing of the operators legs. Machining
lights were easily built in under the head cover, which
provided better than normal lighting of the machining
area without blinding the operator or affecting access-
ibility. The coolant pipes were designed so that they
could be folded and then retracted and out of sight
under the covers, where they would not be a nuisance
during dry cutting.

A feature of the machine was that datum setting
gauges were provided for speeding up the setting of
the tool to workpiece datum face spacing. The X and
Y axes gauge is attached to a No. 50 taper arbor for
mounting in the spindle nose and is used for setting
the spindle centre over the X—Y datum. A separate
gauge is provided for the Z axis (Fig. 5) and because
this is used every time a tool is changed, it was
mounted on the side of the head to be readily avail-
able. The gauge is stored under the head cover when
not in use and is pulled down and swung under the
tool when required.

In the final finishing stage advantages accrue
through having separate covers. During building the
covers are fitted and then removed for painting; this
provides the paint shop with. work to fill slack
periods. Masking of the machine is no longer required
and the covers are of a size that are easily handled in
the spray booth. Two tone colour schemes can be
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Fig. 4 Completed machine.

provided by spraying each cover the required colour.
Special colour schemes for customers can be catered
for without interfering with the build, and at rela-
tively short notice. Paint can be allowed to harden
thoroughly, and nameplates fitted. In this way,
another of those activities that cannot be hurried and
which takes place when the capital tied up in the
product is greatest, is moved from a series activity
with strict timing requirements for the labour, into a
parallel activity in which there is more than ample
latitude. Furthermore, by using a spare set of covers
during cutting tests, it is possible to deliver a gleaming
new machine to the customer untouched by swarf
and coolant.

In the event of a breakdown the covers can be
removed easily and quickly. Virtually the whole of
the machine is then readily accessible for examination
and repair, and it can be operated in its entirity,
without covers, during fault finding.

The consideration of appearance, leading to the
decision to completely cover the machine has had far
reaching effects on the design. Although only those
parts of the machine directly affected by this con-

cept have been described, there is hardly a part that
has not benefited technically or cost-wise. The free-
dom gained by not having to consider appearance
took much of the hesitancy out of design and was
genuine relief to the design team. There was more
room to manouvre in the technical, as well as the
space, sense. Because of the simple configuration of
the machine, parts were less dependant on each other
and designs could proceed in parallel rather than in
series. Then there were the intangibles such as the
enthusiasm and pride given to both the design and
production teams in producing a machine that is neat
and pleasant to look at which does raise standards.
The work of the Appearance Design Consultants was
clearly outstanding.

The performance of the machine met the specific-
ations fully; in fact, the machine could not be made
to chatter even when the spindle drive was over-
loaded by 30%.

Final estimates indicated that the simplification of
parts and production methods more than matched
the cost of the extra covers. It could even be said that
the cost of a good appearance was negative here.



126 THE EFFECT OF APPEARANCE CONSIDERATIONS ON THE DESIGN OF A SMALL NC MILLING MACHINE

Fig. §

Z axis datum setting device.

DISCUSSION

Query from T. J. Vickersstaff

Could you say from your experience whether or not
this machine would require significantly more floor
space than one designed by more conventional
techniques?

Reply

There is little or no difference in floor space require-
ments, but better accessibility. In fact various outline
sketches were made to justify the final arrangement.
On a general basis, the ratio of workpiece capacity to
floor area of this machine compares quite favourably
with most competitive machines. So often,
accessibility for maintenance and, for that matter,
stacking of components and the provision of tool
cabinets, is neglected and just the minimum area for
installing the machine is taken into account.
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STRESS WAVE FRACTURING OF A BAR

by

S. T. S. AL-HASSANI and W. JOHNSON*

SUMMARY

A method is described whereby a bar subjected to a blow at one end induces tensile fracture at a controlled
distance from the other end. The piece cut-off, or spall, moves off with a velocity which largely depends on the
applied pressure pulse characteristics. Multiple fractures at specific points along the bar are produced, which
suggests that this method has potential in the field of fracturing from one long bar, a number of smaller bars of
different lengths by the application of a single blow. The particular advantage of this method, namely, that no
tool is required in the fracture region, thus commends itself as a valuable method of cutting super alloys, concrete
slabs, rocks and ceramics in situations where contamination due to tool contact is not desirable. A simple one-
dimensional wave theory is presented to assist in the understanding of the mechanics of the process.

NOTATION

cross-sectional area of the specimen
wave speed in a long bar = \/(E/p,)
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Suffixes
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INTRODUCTION

This work is aimed at constructively utilizing the long
known, but inadequately understood phenomenon of
fracture due to stress waves. The characteristic
features that typify the phenomenon are (i) that the
high speed loading is accomplished in a few micro-
seconds, (ii) the transient nature of the applied stress
pulse, (iii) the reflection and destructive interaction
of stress waves and (iv) that the damage is generally
located remote from the point of application of the
load.

Some of the chief sources of impulsive loading are
high-velocity impact of projectiles, water hammer and
explosions. The effects are commonly discerned in
the form of partial cracks, or total fractures, depend-
ing on the relative strength of the impulse, its
duration, properties of the material and its geometry.
The various pieces that fracture from the parent body
are called scabs. The term spalling applies specifically
to bars.

Fig. 1 shows a bar of freely supported brittle
material whose compressive strength is much greater
than its tensile strength, subjected to explosive attack
at one end resulting in multiple spalling at the free
end. Spallation is the result of tensile reflection from
the free end of the bar of the transient compressive
pulse induced by the explosion. The number of spalls
depends on the ratio of the compressive to tensile
strength. The lengths and escape velocities of the
spalls depend on the pulse shape.

*Department of Mechanical Engineering, UMIST
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Origins of the problem and related investigations

The first observation on fracture due to stress waves
seems to have been made by John Hopkinson! about
a century ago, in his experiments ‘On the rupture of
iron-wire by a blow’. His work was followed up by his
son, Bertram?, and a number of other workers® at
the turn of the century. The impetus for further work
in this field came during the Second World War when
aerial bombardment as well as field artillery was
sometimes turned on to both military and civilian
targets.

The military engineers®® are primarily concerned
with the destruction caused to buildings, under-
ground shelters, bunkers and other structures, and
this has led to the study of penetration, scabbing,
perforation and cavity formation. It was observed for
instance that a missile which could penetrate x feet
into a semi-infinite block of concrete could also
perforate a wall of the same material of thickness 2x
feet. On examination this was attributed to scabbing
from a near free surface, which assisted perforation.

Another vitally important phenomenon that was
found was the scabbing of the inner face of walls of
tanks and armoured vehicles when subjected to attack
by shells, bombs and mines in contact with the outer
surface. A more recent development is the study of
seismic effects and the cracking of subterranean rock
due to underground nuclear explosions®. Industrial
interest in the phenomenon mainly centres around
communition of rock” and fracture during explosive
and shock hardening of metals®.

An interesting investigation reported by
Miklowitz® concerns the tensile testing of brittle
materials in which it was noted that fractures were
produced at two different cross-sections of the speci-
men when the rupture load was reached. Experiments
were conducted on plexi-glass at a loading rate of
300 Ib/min and on high-strength steel at 2000 Ib/min.
The situation was analysed by considering that two

types of waves emanate from the initial rupturing
section. One is a longitudinal compression wave
which is, in fact, an unloading wave associated with
the decrease in load in the fracture process. The other
is a group of flexural strain waves produced by the
moment that develops as the crack propagates across
the bar from its origin at a surface of discontinuity. It
was found that the second fracture usually occurred
at a guage cross-section adjacent to the specimen head
farthest from the initial fracture surface. It was
shown in the analysis that this second failure is due to
the superposition of the longitudinal strain from the
unloading wave which, through reflections, becomes
tension and the resulting flexural strain, which to-
gether exceed the original tensile fracture strain.
Many other related investigations are reported in
the literature on stress waves, e.g. that of Davies'?,
Rinehart!! ™ Kolsky!*!S, and more recently

Johnson?S.

Present work

The present work is an exploratory attempt to make
use of spalling in bars due to impact loads as a
method of cutting brittle materials. The particular
advantage of this method lies in the absence of any
cutting tool. Preliminary tests were made on rect-
angular and round bars which were subjected to
contact explosives and the impact of bullets at one
end. The possibility of cutting from one bar a number
of smaller bars of different length in one single blow
is investigated.

Fracture at several sections along the bar is
promoted by the introduction of grooves or localized
external radial compression at the section to be cut.
This paper also aims at presenting a rudimentary
analysis which assists in the understanding of the
process and investigates the influence of the impor-
tant parameters.

Fig. 1 Multiple spalling in a 1-0 X 1-0 in section, 15 in long plaster-of-paris bar.
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APPARATUS AND MATERIALS

The procedure in all tests was rather simple and
efforts were made to keep it to a minimum. Two
types of loading methods were employed. The first
was contact explosive loading which mainly involved
the firing of an I.C.I. No. 6 detonator at one end of
the specimen. The second was impact loading by a
striker which involved the firing of a mild steel bullet
from a 0-25 calibre gun at one end of the bar.

In every test the specimen was supported on a
stretched fine wire mesh and positioned accurately so
that impact takes place collinearly.

Owing to its sensitivity to impact loading, Perspex
was chosen as the material for such preliminary
investigation. One-foot long bars of 3 X 3 in cross-
section and §in diameter section were tested. The
rectangular bars were cut from Perspex sheet whilst
the circular rods were cut from rods of as-bought
longer length bars. Grooves of rectangular and V-
shapes of various sizes and angles were milled at
various sections along the bars so that a variety of
specimens were made available. Experimental results
were obtained for straight uniform bars with localized
ring load; the latter was applied through circular rings
made from piano wire which was pressed into the
surface of the bar by means of a clamp loaded at
three symmetrical points around the ring.

EXPERIMENTAL RESULTS

Numerous tests were carried out on various bars hav-
ing various discontinuities along their length and
under various conditions of loading and supports.
Some of the results are summarized below.

Explosive cuttin% of rectangular bars

A uniform 3 X 3 in cross-section, 12 in long Perspex
bar was subjected to explosive pressure from a single
I.C.I. No. 6 detonator in contact with one end. A
spall 17/16 in long was flung free as shown in Fig. 2,
specimen 1. The fracture took place at a section
perpendicular to the axis of the bar. Another bar,
specimen 2, of the same dimensions as the previous
one but containing an all-round rectangular groove
1/32in deep and % in wide cut at a section 1-0in
away from the free end was subjected to the same
explosive; the fracture in this case occurred at the
sections of discontinuity forming two cut-off pieces
as shown in Fig. 2. When the position of the neck was
made ¥ in and 15 in away from the free end, fracture
always took place at all the sections of discontinuity.
When two more similar bars with wider necks of
1/32in deep but 3 in wide situated at 1-0 in away
from the free end were used, similar behaviour was
observed.

Bars with more than one neck were also subjected
to an explosive pulse. The aim was to obtain several
cuts at specified positions along the bar in one shot.
A bar, specimen 3, with two necks % in apart, each
1/32in deep and } in wide situated 3 in away from
the free end, when subjected to explosive pressure,
produced fractures at the two necks. However, frac-
ture did not take place at the farthest section of dis-
continuity as shown in Fig. 2. Several more bars with

narrower necks gave similar results, although the
single unfractured section of discontinuity within the
farthest neck alternated from one discontinuity to
the other. When bars having three necks each, 1/32 in
deep and 3/32in wide, situated at { in distance from
the free end were tested, complete fracture consis-
tently took place in all the necks. However, two
sections of discontinuity were found always to
remain uncut.

In almost all the above necked specimens the frac-
ture seems to have consisted of male and female parts
as shown in Fig. 3a. In occasional instances the frac-
ture was a cross as shown in Fig. 3b. Another
common feature was the shatter of about 4 in at the
loaded end of the specimen due to the high compres-
sive applied pressure.

Explosive tests were also made on rectangular bars
with rectangular grooves only on two parallel sides of
the bar. Similar results were observed. Fractures
occurred at the grooves but not necessarily at every
section of discontinuity. It was found, however, that
as the grooves became narrower and shallower the cut
sections tended to be better defined and of flatter
surface. In Fig. 4, specimen 4 is a typical fractured
bar with grooves of 1/128in depth and 1/128 in
width made at two parallel sides of the bar.

Bars with more than three grooves gave encourag-
ing results. Fig. 4 shows fractured specimens 5, 6, 7
and 8 originally having 4, 5, 6 and 7 rectangular
grooves, respectively. Each groove was 1/32 in deep
and 1/32in wide. Another set of bars with V-shaped
grooves of various angles and depth on two sides of
the bars were tested. Much the same result was
obtained as with bars having rectangular grooves.
However, the cut-off surfaces in most of these cases
seemed to be more even.

Stress wave cutting of circular bars

Round Perspex rods of 3 in diameter and 12 in long
with single all-round rectangular grooves were sub-
jected to explosive pressure at one end. Fracture took
place at sections of discontinuity along the bar in a
way almost identical with that of rectangular bars.
Bars with more than three necks placed at half inch
increments from the free end seem to be cut at at
least three discontinuities producing at least three
smaller bars. However, as with rectangular bars, it was
found that the narrower the groove the cleaner the
cut. The shape of fracture is in most cases a shallow
cup and cone as shown in Fig. 3c.

Attempts were made to cut uniform Perspex rods
at several sections along the length without having to
initially introduce grooves at these sections. Mild-steel
wire 0-03 in diameter was wrapped once around, each
section to form a ring and was then compressed at
three points equally positioned on the periphery to
secure localized cutting of the Perspex at the chosen
sections. On explosively loading at the far end of the
rod, fracture took place at the compressed sections.
When more than three stations of localized pressure
were applied at % in intervals from the free end, frac-
ture did not always occur at the other furthest
stations. It seemed, however, that a compressed
region along the bar caused similar behaviour as with
a groove. The fractured surfaces in all these experi-
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ments were found to be rough and a typical section is
shown in Fig. 3d.

Impact loading by bullets

Preliminary tests were made into the fracture of
Perspex rods due to the impact of a bullet. The 2 in
uniform Perspex rod spalled at a number of sections
along the length when struck by a 3 in diameter

mild-steel bullet moving at 700 ft/s. However, when
grooves were introduced, fracture took place at all
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