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SUMMARY .

An analysis is given of the various factors
which influence the suitability and accuracy of resulfs»
derived from testing a solid cylindrical sample of'# material
in conditions of plastic torsion.

Recommendations are made for eliminating or
reducing the influences of limiting factors with respect to
the followihg.

(i) Geometry of the specimen.
(ii) The mode of construction of a suitable testing machine,
(iii) Suitable test procedure.

‘the diffiéultigs associated with manufacture,
within a University depariment, of a torsion testing machine,
suitable both for laboratory teaching and post graduate
research in plastic torsion at various controlled temperatures,
are outlined and then rationalized into an appropriate design
specification. The specification is particularly concerned
with ease, simplicity and safety of use by unskilled operators;
but tries to allow for future needs in research,

Alternative possible solutions to
particular problems of fhe details of design of a torsion
machine are conéidered in relation to each other and a
positive solution to each problem is selectgd within the
" limitations of the specification.

In the appendices the final detailed
drawvings are reproduced, photographically, to a reduced scale,
a satisfactory test procedure is summarized and, finally,
certain calculations which diverge from conventional design
practice are outlined in relation to the finished dimensions

of the relevant machine components.



U

ACKNOWLEDGMENTS.

Gratefﬁl acknowledgment is made of
the help given by Dr. F.A.A. Crane, as supervisor
and of the advice and help given by Dr. D.L. Thomas.

Thanks are also due to my wife

for the typing of this dissertation.

J.G.T.



Section
1.

1.1,
1.2,
1.2.1.
1.2.2.
1.2.3,
1.2.4.
1.2.5.
2.

2.1,

2.7.1.
2.1.2.
2.1.3.
2.2.

2.2.1.
2.2.2.
2.24%.

2.2.4.
2.2.5.
2.3,
2.3.1,
2.3.2,
2433,
2.4..
2.4.1.
2.4.2.
2.443.
3.
3.1,
3011
3.1.2.
3.1.3.
3.2,
3.2.1.

CONTENTS.

ADVANTAGES AND LIMITATIONS OF TESTING p.7
PLASTICITY BY TORSION

Metallurgical Advantages and Limitations

Physical Advantages and Limitations

Specimen Geometry
Mechanical Aspects
Measurement of Stress and Strain
Thermal Contfol
Power Requirements :
RATIONALIZED REQUIRLMENTS FOR A TORSION P.43
TESTING MACHINS

YTeaching Purposes

Test Piece Proportions

Ease of Use

Safety in Laboratory Teaching
Adaptability for Research

Differing Materials

Variations in Strain Rate and Strain Duration Time

Accuracy of Torsional Load lMeasurement and Variability
in Load Range

End-Load Heasurement and Freedom. of End Hovement

Provision for Reversal of Straining

Manufacturing Limitations

Siting and Handling Within: the Department
Manufacturing Facilities
Maintenance

Cost Limitation

Purchase of O0ff-The-Shelf Component Equipment
Special Instrumentation
Materials of Construction
QUTLINE SPECIFICATION OF DESIGN P.75

Basic Functions

Speed Range and Control
Power Requirements
Control of Wwest (Cycle

Measurement of Strain

Measurement of Woial sStrain



5

3.,2.2, DMeasurement of Speed of Rotation

3.3. doasurement of Load

5.3.1. lieasurement of ''orque Load
3.3.2, Measurement of End-Load
3.4. Thermal Conditions

3.4.1. Heating

3.4.2. Cooling

345, Automation

3¢5.1. Wiming Seqaence

3.5.2. Quenching Seguence

3.6, Safety

3.6.1. Safety from Electrical Hazards
3.6.2. Safety from Heated Parts
3.6.3, Safety from Noving Parts

347 General Requirements

3«7+1« Provisiom for Reversed Straining
3¢T7+2+. Provision for End-Load Experiments
3eT+3. Provigion for llore EBffective Heating
3.7Te4. Provision for Dual Qperation

4. DESIGN OF MACHIN

4.1. Determining Factors in Design

4e1s1e Availability of Blectric Power
4.1.2, Machining Capacity

4.1.3. Influence of Automation etc.

4.,1.4. 8Stiffness and Vibration

4.1.5. Yriction

4.2, Power Pack

4.2.1. Power Pack Stand

4.2.2. Electro-ﬁagnefic Clutch

4.2.3. Intermediate Drive and Safety Device
4.2.4. Overload Safety Device

4.2.5. Direction~Changing Gear Box

4.,2.6, 3Strain feasurement Drive and Associated kquipment
4.2.7« Dog~Clutch iiechanism

4.3, Application of Torsion

4.3.1. ‘esting ¥rame and Stand

4.,%3.2. Dog-Clutch, Drive shaft and Specimen adaptation
4.%3.3. ©Specimen and Specimens Grip sSystem

4.%3.4. Betting-up for a west

4.4, 2orgue Resistance and Load Measurement

4.4,1. Znchor.3pindlé and Specimen Fastening



4.4.2,
4.4.3.
4.4.4.
4.5.

4.5.1.
4.5.2.,
4.6.

4.601 .

4-6-2.
4.6.3.

4.6.4.

4.7.

6

‘forsional Load ieasuring Saddle
TPorsional Load HMeasuring System
End Load Control and Measurement

Deflection and Vibration

Likely Causes of Deflection
Likely Causes of Vibration

Heating and Cooling System

Furnace and Quenching HMovement
Furnace Design

Quenching Chamber Design
Safety Cover and Interlock

Control and QOperation

List of References

Appendix A Assembly and Detail Drawings
of Torsion Testing liachine

Appendix B Sequence of Qperation

Appendix C Some Calculations Related to
Machine Component Strengths,

Vibration etc,

Pe.
p.

P
Pe.

141
143

150
154



7
1. ADVANTAGES AND LIMITATIONS OF THSTING

PLASTICITY BY TORSION.

There are valid reasons fo:'usiﬁg torsibnal
straining methods for assessing plasticity in preference to other
methods. These reasons refer bBoth to metallurgical advantages
and to operational advantages: as outlined below under the
respective headings.

1.1, Metallurgical Advantages and Limitations..

Metallurgically there are five principal merits
of the torsional straining method when compared with other methods
such as direct compression or tension.

(i) Stress and strain conditions imposed by torsional loading in

plastic flow are less complex and more readily interpreted than for
any other system of loading. This evolves from the fact that the
deforming stress is basically shearing in nature. Of course

there are tensile and compressive components ﬁut they are of such
an intensity and orientation that, with suitably proportioned,
suitably loaded, test pieces manufactured from reasonably
homogeneous material they do not greatly modify the mode of plastic
flow until the point of fracture is approached. On the other hand,
except for extremely ductile materials the ultimate criterion of
failure is usually likely to be the localized resistance to tearing
under tension,

Stress distribution under torsional loading is
wéll understood for elastic stress conditions and is outlined in
many textibooks on mechanics. (142434445.) It is open to quite
rigorous solution,giving shearing, tension and compression stresses
numerically equal in intensities. However, as plastic flow
develoos, solution becomes progressively less rigorous because of

the uncertainties regarding the stress/strzin characteristics of
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the material (4,5,6.). In elastic loading the shearing stress is
a maximum at the outer surface of a cylindrical specimen subjected
to axial torsion, see Fig.1.(a), and zero at the céntre; the

maximum shearing stress is related to the torque by:

T’:%‘ - - - = = = - - - - = -(1)

Ey

where, Y is the maximum shearing stress, V' is the

torque and Zp is the polar modulus of the section

(equal to 'ﬂd3 ,dbeing the outside diameter of the

16
sactxon) ' '
Y:.e_‘dstre_sg Yne\clSt\'essw ‘é\ d o
Outer suvface . ! e
4 - / /
:é Plastic A/ Plastic
& S;‘.OW ' ) g\qw
Skvess T ° S o T
@). S\mp\e_ edastic (DY Elastic P\us (C\E\c.s\:lc p\us
\oad nq. - Some P\qstac P\as\:m plus
flow. work harden: wnq.

FIG.1. Sbtress distribution in the transverse planes
of a torsionally loaded solid cylinder as plastic

flow develops.
The situation changes as plastic flow begins, see Fig.1.(b), when
the yield stress is exceeded at the outer surfaces, The stress
distribution pattern is no longer triangular and a stiress “bulge',
of somewhat problematic shape depending on both material and
conditions of testing, (such as temperéture and strain rate, see
below), begins to develop; so it becomes necessary to adopt some
arbitrary assumptions with respect to distfibution of plastic flow
stress. The simplest assumption to make is that the material is
ideally vplastic and the yield stress remains constant after a
comoletely elastic rise in stress to the point at which general
yield occurs (i.e. U = yield stress of the material at the

relevant temperature). Tne theoretical torgque, required to
= / ”

|

N

|

|
|
|
i
|

]
i
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generate this form of stress distribution, depends on the

location of the transition from elastic to plastic behaviour.
If such ideal plastic fléwlis pictufed‘as

developing right to the centre of the specimen in conditions of

fully plastic flow, such that the elastic component becomes -

insignificant, then the situation would be that shown in Fig.2.(a).

> Oukey suvtace S,‘
gg/

5 <. i
s ~Plastic .

O Stvess™m ¥ O v, WY O W v
@Y Ideal plastic.  EPlastic flew ) Plastic Flow
Clow.Y e iia\d with s\m?\e work  with move Ccomp-

styess, ha\'&emng lex Wevk hard3d

FIG.2. Stress distributions in solid
cylindrical sections undergoing massive »plastic

flow in torsion.

The torque is then given by :-

vV = Tm x 'I_T_d_l x d where % is the radius of gyration
4 3 v
I a2 for a solid circular section and
=t \d
12 Tm is the shearing yield stress
S = 120 = - = e e = e e e = - (2
Tm Tﬁ?‘ ( )

The accuracy of this assumption clearly varies

appreciably with the material, because of the differences in real

stress/strain characteristics, and with the particular
conditions in which a test is made, because the characteristics
will vary with temperature and with straining rate.

Most materials shew some degree of work
hardening with increasing amount of plast;c strain depending on

the temperature at which the S‘tl‘alnl ng takes vlaca, In work
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hardening the yield stress is sometimes nearly proportionate to
the total amount of plastic strain (i.e. the work hardening part
of the stress/strain curve is linear); therefore, in these
conditions, the stress distribution diagram for a circular section
under plastic torsion ﬁould take the form shown in Fig.1.(c),
simplifying to that shown in Fig.2.(b); because the elastic range
is usually insignificant once full plastic flow'begins. The
torque in this case is a sum of the torgque due to basic yield plus
the torgue componenf due to the effects of work hardening. if
the yield stress riées uniformly with total strain, as shown. in
Fig.?.(b), the work hardening component is similar in magnitude %o

the equivalent elastic torque (Equation 1).

Hence:~
3 3
v = T\-—‘%‘—% (e,- xj—}% ; where U = minimum yield
stress
= Tod? ¥, |154Y; and "X, = maximum yield.
s 12 ' 16 ) : stress
d e
_ Gs (3w
= T (Y +3W
28
' A8
or + 3V, = T—ﬁ‘;'
but'fz= Y+ 2% where h. = 2(3&53&)
. dh v
S a3 (e 8 - 7’%3
.« ... 3dn . A8V
LA 5 = e
. 12\ dh |
R A rE 25— - = = = = = = = (3)

O0f the three variables (the torque V' s The
minimum yield stressqq, and the slope h) the value of #ae two must
pe known before this equation can be solved. The torque N may be
derived directly by exveriment and ht*is likely to be about egual

to the static shearing yield strength of the material at the
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relevant test temperature, also obtainable by suitable experiment;
but h is of more doubtful value since it is dependent, for its
accuracy, both on the uniformity of the rate of work hardening,
derived from the appropriate stress/strain diagrém for the
material, and on the value of the total strain at the surface of
the test cylinder, because the latter governs the value of the
maximum yield stress that is attained.

i.e. T‘a -"};’1 = ax; where x is the rate of work hardening
derived from the slope of the torsional plastic stress/strain
diagram and ii is the total surface shear strain (assumed to be
very much greater than the elastic strain, permitting the latter

to be ignored). However, E.: thd, where N = number of twists

given to the specimen, 1 = the axial length of the test specimen
and %-: the radius of the outer surface of the test cylinder

(always proportional to 3 )

N -
Substituting in:- h = 2(1L331) (see above)
h = 2 E- X
d
= eNHx
1

Thus, the value of h can be derived from the relevantvstress/
strain curve for the material obtained in tension and converted
to shearing by the use of a suitable yield criterion.

However, if the rate‘of work hardening of the
material varies significantly with the amount of strain, it is
apparent that to adopt equation (3) too arbitrarily could lead to
massiveiinaccufacies in the derived results.

It can be seen that not only the total strain
but also the rate of straining within a test cylinder both vary

with the radial position.

X:@{g---‘———"—"""—(4)

where ¥ is the shear strain at radius r, ¥ is

the angle of twist, in radians, of the
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cylindrical section and | is the axial length

of cylindrical section under consideration

aWMr | _ L L ... oo
8 - ()

[o]

H
&

]

where N is the total number of twists given

to the specimen.

. 2T nr
Lo%e EmE L Lo oo ()

where 8 is the strain rate at radius r and

n is the number of twists per unit time,

(x£ 1 is made equal to 2Tir, then N and n .
are numerically equal to the total strain and rate of strain, N
respectively, at the surface of the specimen and this can be
very convenient in experimental work).'

The inherent variation in rate of straining
within a test piece can introduce further problems of calculation,
depending to a considerable extent on the temperature at which
the test is made. The shearing yield stress may vary not only
with total strain and with strain rate, but its relationship
with both may vary with temperature.

At normal and lower temperatures the yield
stress will rise with increasing rate of siraining (7,8.) making
the stress distribution of Fig.2.(b) take a form such as that shown
in Fig.2.(c). This would entail a change in the torque equation,
quoted above, since the ﬁqximum.shearing stress at the surface is
now the sum of the minimum yield stress at the centre plus some
function of the total strain,plus a function of the strain rate

ie. Ty = "t‘1+f(N-g-)"+ f(ﬁ%) - - - = = = = (D)
In addition, the mean siress difference can no longer be assumed
4o act through the polar radius of gyration of the section, since
the stress difference does not increase uniformly froh the centre
to the outside surface; iherefore, the basic torque equation

requires significant modification.
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At elevatéd temperature the effects of total
strain and rate of straining may not even be as straightforward as
the above (particularly at temperatures approaching the melting
temperature of the material under consideration). This occurs
because, not only does the rate of increase of yield stress not
vary uniformly with either total strain and with strain rate
(9,10,11) but,with larger amounts of total strain and with higher
rates of strain,the temperature may tend to rise and vary
significantly during testing due to internal friction. A further
factor is that strﬁctural changes, such as recrystallization,
precipitation and solution, within the material, if they take
place, may greatly modify stress/strain behaviour. Thus, there is
a rate of straining.at which natural cooling can no longer keep
the specimen temperature at. the control level and its internal
temperature begins to rise and vary, the yield stress begins to
fall, and accurate prediction of internal stress distribution
becomes impractical, On the other hand a combination of these
effects may result, for a particular material, in a strain
behaviour approximate to that of the ideally plastic material, .
typified in eguation (2), in which the yield stress remains
constant (9;10;11,17).

If a reasonaﬁle;idea can be obtained of the
variation of stress across a particular material it becomés
possible to make fairly accurate calculations of stress and strain
behaviour,if the torque, the applied strain rate and the apﬁlied
total strain can each be measured with reasonable accuracy.

In putting these ideas into.effect good
rosults have been obtained by Robbins et al (12) with an equation

Ead

of the type:
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T, - ATGiaw - - - - - - - - - (9)

where Tﬁs is the shearing stress at
the surface of the test cylinder, i
is the slope of the 10é T‘I.V. log &
curve at constant strain éate and m
is the slope of the logV v. log X
curve at constant strain.

This they claim %o be no more than +3%% in error
when using suitably-derived valueé for steel,even if i is assumed
to be zero for test temperatures éreater than half of the absolute
melting temperature of the material (i.e. for metallic materials,
leading to an included error not greater than 4+1.5%,m being
temperature dependent and varying appropriately between O and 0.2
for steels 2t temperatures up to 1200°¢C.

A recent suggestion,made by Barraclough and
others (17),1is to use the concept of an "effective radius”,
analogous to a radius of gyration, in conjunction with a similar
type of equation. The "effective radius", T is that radius of
the test cylinder section at which the actual stress,'T‘xg is equal
to the mean stress T’m which would have o prevail throughout the
section to give equal torque and satisfy the equation (2) whichb
becomes:—

V=2 P - - - - - === = = = = (9)
2 o where T is the outside radius of the
solid test cylinder.

The radius r ~ has been shown (17) to be
relatively insensitive to the effects of variations in work
hardening etec. as affected by tctal strain and strain‘rate.
Therefore, if this radius is identified on the specimen it gives a
nosition in which meterial is being subjected to quite accurately

known concditions of testing, even with quite widely differing ratios
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of gauge length to specimen diameter in the same test material.
The error due to this assuaption, when i + m is in the range of 0.2
To 0.4, is claimed to be less than 0.5%.
To satisfy the condition 1; = Yx the value of

r is obtained from an equation of the form

+ 1
r =§ 3 x gt ifem
34+ 1i+m

This identification of T has other advantages’
When metallograpgiexamination is attempted after a test, see (iid)
below, | |

It is possible to correlate one form of plastic
strain benaviour with another form and then to develop a link
between tests in plasfic torsion with the other form of test, e.g.
creep testing. A suitable relationship of +this kind makes
possible the cross—-checking of results and the verification or
derivation of appropriate constants {10). This has been done
effectively by Sellars and Tegart (13) for some materials with a
relationship of the form:-

£ = A(ssinhoa')n1 exp (~Q/AT) -~ -~ - = (11)
A, % and n' being temperature independent constanfs,
Q the activation energy, T the temperature, andQC_
and n' are related by a constant @ = of nt

‘fhese various relationships give torsional
plastic strain testing a potential facility and clarity, with
regpect to stress and strain conditions in specifié materials, not
possessed by any other current plastic st:ain testing system.

The problem of temperature rise resulting from
evolved heat of.deformation is still a source of inaccuracy, since
this change will alter the yield stress and the work hardening
characteristics of the material; buv the situwation is no worse than

with other strain-rate sensitive testing systems and, indeed can bhe .
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a good deal better with suitably plastic materials in which stable
conditions of temperature can be established with appropriately
prolonged straining.

(ii) The outermost annular layer of a torsional test piece can be

subjected to approximately constant conditions of temperature,
strain and, probably, stress over the whole of its volumeg during
a test (equations 5, 6 and 7). If a suitable control; recording
and observing system is provided it is possible to Study behaviour
in this layer with the cexrtainty that it is reasonably
representative of the behaviour of the material under the imposed
conditions. Also, if provision for direct observation cannot be
made, and it is ensured that the tested specimen is not damaged
when extracting it from the test apparatus, the representative
characteristics of the deformed surface are left unchanged from
the test and remain for study at leisure. No éther test system
gives. such ready facility for examining the effects of such
accurately known Qonditions.

The limitation on this facility is that the
flow conditions of this annular layer are not typical qf those
further ihto the test piece, since they are modified by the effect
of thé exposed free surface, both with respect to the local mode
of straiming and with respect to the effect of any surface reaction
that may be taking place with the ambient atmosphere;
Nevertheless, uéeful information may be derived from a study of
such test surfaces with respect to the indications they may give on
mode and direction of surface flow and on sub-surface turbulence.

Most workers do not consider it worth while %o
go to the conmplexity involved in making direct observations during
straining; therefore this asvect of study is commonly limited to
the post—straining state.

(iii) The volume of material, in each cylindrical annulus, which
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is under nearly identical conditions of temperature, strain, and
stress is sipgnificantly larze and its location is easy to identify
during subsequent macroscopic or microscopical examination, Thus,
if a cross—section is being examined the radial distance from the
centre identifies, within reasonably consistent limits the local
conditions of strain and stress and an immediate visual comparison
of any significant structural wariations is possible, Similar
facility is available in longitudinal sections provided that the
location of the section relative to the centre line of the specimen
is known. This becomes vparticularly significant if the concept of
an "effective radius" is used,(17) see p 14 above, since the
location of this radial position is likely to be associated with
quite precisely known conditions of testing,frée frem the -
uncertainties of behaviour likely in other locations.

~ Examination may readily be taken a stage
further and use may be made of the electron microscope, if required,
since even the smallest torsional test pieces usually contain an
amply sufficient su@ply of material in each relevant condition.

The limitation.on this aspect of the torsional
tésting system lies in the fact that the strain and stress
conditions;typically obtainable in. torsion,may not,correspond
sufficiently closely tc those prevailing in an applied metal-forming
operation to give directly comparable results if these are:
required., It may be necessary in this. situation to derive
fundamental features of behaviour, as far as this is péssible, by
torsional methods and reinterpret them in the light of what is
known of the actual conditions in the particular applied overation
(14,15,16).

(iv) Control of thermal conditions is usually practical in

torsional testing, because it i1s vossible to keep the heating system

in positicn and overating during a test. Uniform external heating
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is usually anpplicable when steady, not too high, temperature
conditions are required, and controlled rapid temperature changes
are vossible within the respective limits of the chosen specimen size,
the heating system and the method of cooling. Immediate or
delayed guenching is possible when required. Thus, with suitable
equipment a wide range of conirolled thermal conditions may be
apolied,
(v) Strain may be apvlied in controllable sequences with suitable
equipment. Thus, with fairly simple equipment, time-controlled
"bursts” of straining;or given total strain increments,may be
applied,alternating with controllable time gaps and/or changes in.
temperature. Cycles of treatment may be repeated indefinitely to
the 1limit that the material will withstand, Thus,many sequences of
strain application that might be encountered in apvplied metal
working may be reproduced accurately, at least with respect to
amount and rate of strainband with respect to temperature.

The limitation on this approach is set by the
restricted mode of deformation possible in torsional straining, but
it is claimed that correlation is éossible with respect to forging,
rolling and extrusion (14,15,16).

1.2, Physical Advantages and Limitations.

The physical aspects of teéting plasticity by
means of torsion may be considered under several headings including
specimen shape, mechanical aspects, measurement of stress, thermal
control and power requirements,

1.2.17. Specinen Geometry.

The ideal shape for a specimen which is to be
subjected to torsion, whether elastic or plastic, is cylindrical
nrincinally because the deformation of non-cylindrical shapes is

difficult to z2nalyse hut also because the cvlindrical form is the

¢}

2siest to nroduce with accuracy and is therefore one of the
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cheapest. Turning and grinding facilities are generally available,

making reproducibility of shape, size, and surface finish easy

to obtain. Application of the torsion may be made through quite

simple end-shapes which may take such basic forms as those shown

in Pig. 3. Different end-shapes may be used to suit particular
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FIG.3. End shapes for torsional

test pieces.

test situations. Types (2) and (b) locate in the threads and

will transmit end thrust in either direction but can be used to
apply torsion only in one direction, the same as that of the thread
(usually right—hé.nded). Type (b) is a little more exzpensive to
produce than (a). | Type (c) locates directly from its outside
diameter and will transmit torsion in either direction but will

not transmit end thrust. An extra machining set-up is required for
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making the flats which have to be quite accurately machined.
Type (d) locates directly from its outside diameter and can transmit
drive or end thrust,in any direction,through a shear pin. To
nermit the use of an adeguate size of pin,the cylindrical end may
have to be comparatively large in diameter. Type (e) is similar
to type (c) with the addition of a pinhole for a shear pin %o
transmit end thrust; thus necessitating one more machining operation.
The pinhole need not be as large as that in,(d),because only end
thrust has to be taken and the magnitude of this is likely to be
small compared to the torsional driving forces. Type (f)
appears simple but the square requires very careful, rather
costly, machining since it both locates and drives the specimen.
Tt will not take any end thrust. Type (g) is similar to (f) dutb
incorporates a pin to take end thrust, also requiring an extra
machining operation.

It is obvious that to define a precise gauge
length, each one of these types must have significantly enlarged
ends. This creates a difficulty in ensuring absolutely uniform
transmission of torsiom into the gauge length adjacent to the end.
Some workers prefer to machine sharp corners between the ends and
the gauge length (22) since this makes the torsion more
immediately uniform in the gauge length but it also increases the
risk of unbalanced flow or failuré at the cornexr due to the
stress concentration, Most workers prefer to have a fillet
radius in each corner,either using the distance between the
shoulders as the normal gauge length or making some allowance for
the presence of the fillets (see below). A fillet radius of a
size about equal to a guarter of the size of the gauge diameter
seems a typical maximum but adjustment upwards might be required
in the case of a particularly noich-sensitive material or to suit

particular test conditions.



21
TABLE 1
Some Features of Test Pieces and Machines used in Plastic

Torsion Testing.

‘.Gauge sizes Max. Max. Test |  Max.
Ref. Basic Gauge L/d Tempe%? Torque Piece Strain
Material Bia d deg C Nm End Rate
i Type /sec.
mm
18 Al 6.0 8 600 10 (v) 15
19 Al 6.35 { 4 600 - (e) ! -
TR TS fup to -
21 1AL C‘?‘jﬁ“ { . max ,_ms,w“,_,, 1000 ?5 — (5_3 0 DU
20 Cu; Wi 10.0 | 4 1000 45 3 (e) { =
- . PO WU IR SRS P IR Y SR e }_-.... g 2 i mM-mm el
12 Fe 5.08 { 5 1400 - , (e) 18 )
o et L R e e o Y e it h et gy i e s e 1 e e = = A s, R
22 Fe 6.0 i 1 | 700 20 ] (d) 180
SO SR e — : { RS
2%,24) Te 7.14 | 4 1200 L 1.5 i () {10
25| C =

" #%  Referring to Fig.3.
- Not quoted
Length between the end shoulders of test
pieces, see Fig.4., varies a good deal with different workers, as
shown in Table 1, depending to a certain extent on the limitations

of their equipment and other facilities. A compromise usually has
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FIG.4.The typical features of the straining

zone of a torsional test viece.
to be accepted in one way or another, If the cylindrical length

is toc preat relative to its diameter then inherent variations in
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the consistency of the material may induce torsional instability,
with consequent buckling during a test, in spite of extreme
accuracy in locating and loading the specimen. About 8:1 seems
to be the a2bsolute maximum allowable for the ratio of gauge
length to test section diameter. On the othef hand, if the
length between the shoulders is made too short the accuracy of
location and alignment become much more critical factors and
closer tolerances have to be maintained in the strain—aﬁplyingﬁ
equipment to avoid externally-induced misalignment of loading,
with consequent inaccuracies in load measurement and/or
externally-~caused bending or buck}ing of the specimen. 0f course,
shortening the length between the shoulders,relative to a given
maximum speed of twisting in a machine,is one way of increasing
the maximum strain rate with respect to a fixed test diameter of
~the specimen. In some cases,the length between the shoulders is
determined by the desire to make the effective torsional gauge
length equal to 71 times the gauge diameter, see note to Equation
6 (after allowing for the blending fillets, see below).

If,as is usual in tests of plasticity in
torsion, strain measurements are derived directly from the number
of turns applied by the testing machine to the specimen's
shoulder length, allowance must: be made for the mode of geometric .
transition between the gauge diameter 4 (Fig.5.) and the
respectivé shoulders. A sharp corner might be used but this
must cause a very severe stress concentration likely to give (i)
anomalous vlastic flow behaviour and (ii) premature failure in or
near the plane of a shoulder. It is probably for this reason
that most workers use blending fillets,of some description,
between the zauge diameter and the shoulders. A few workers (22)
do use a sharv corner on test pieces with very low LVd ratios,but

there must be some doubts as to the accuracy of their results,
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If blending fillets aré used ,the question
arises concerning what allowance to make for their influence.
Barraclough et al (17), in the context of use of hollow
cylindrical specimens in which the transitional flow will not
conform to exactly the same pattern as that in solid sections,
have taken some account of the effects by making an arbitrary
allowance on the test length equal +to half of the filled radius
on each end (i.e. L= 1 +%‘). However, as far as can be
ascertained,it looks as if most other workers have tended to
ignore this aspect and base their strain measurements either on
the length between the roots of fillets or the full length between
the shoulders. It is apparent that both of these latter
procedures cannot be correct and that strain measurement
differences, proportionate to the related total axial lengths of
fillet, must exiét, amounting t§ at least 6% even with the
greatest ratios of‘d/d and with modest fillet radii, when the
error should be at its minimum.

Much more accurate assessment is possible if
some account is taken of the mode of plgstic flow in the blending
fillets (17).

The problem then is to determine how much
allowance to make. Blending is‘most logically and simply done by
using a simple radiused fillet, see Fig.S.(a), so this system is
considered here; but the same arguments may apply egually 1o other
forms of blend if their use is considered necessary.

Normal plastic flow theory doeé not offer a
reliable formula with which to tackle this §ioblem,but certain
limits can be set, It is quite obvious that torsional plastic
flow will not end abrupntly in any one special plane normal to the
axis of the test »niece. Within the gauge length,up to the

beginning of the fillet, straining will be fully plastic, From
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the shoulders outwards deformation will be entirely elastic.
Between the two,each cross-section will consist of a central
elastic core surrounded by an annulus in plastic flow. The
diameter of the former will increase progressively as a shoulder
is approached. It is to be expected that, with a fillet of
significant size, plastic flow will terminate somewhere within the
fillet, see Fig.5.(b). The surface circumferential boundary line,
that marks the end of plastic flow,must. be the termination of a
roughly conditzl type of boundary interface,which blends from a
voint lying on the axis,in the plane of the centre of curvature of
the fillet radiusyout %o the surface at the appropriate position
on the fillet., That is, the annular zone of varyiﬁg plastic
strain (zero at the centre and a maximum at the surface), normally
present in a gauge cylinder undergoing plastié torsional strain,
nust blend round and outwards from its centre until it ends at the
fillet surface. Thus, no single plane can truly represent the
termination of total plastic flow; but the one which best
represents it is probably that plane in which there is an annular
area of plastic flow taking 50% of the total torque; because this
plane should represent the average flow behaviour of the end zone

of plastic flow, Since its exact location depends on. the flow

characteristics of the material, the relative position of this

plane in relation to a particular size of fillet between the gauge

diameter and the shoulder of the specimen is likely to vary with '
different materials and perhaps with temperature. However,

certain limits can be set between which the 50% plane is likely to
be located and its position Fig.S.(c), may be apoproximated to give

a more accurate gauge length than is given by assuning that strain
ends at the beginnings of the centres of curvature or at the
shoulders or even by other,less extreme,arbitzary assumptions.

The extreme limit for the position of ithe
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termination of all plastic flow in a perfectly plastic material
must lie on the diameter of cross~section dE at which the area is
just sufficient to resist the full torque by elastic strain alone,
Phat is, bthis diameter must be that at which
Y = %’% d}:‘? T, where ¥ = total torque and T, = shearing

yield stress of the material

butY’ = 12 a W, for full plastic flow in the parallel length

. T .3
e eY. = A,
Hence dE = 1,1006d,giving an extreme upper limit for any

assumption of representative plastic flow in the ends.
Since this is the extreme case; a closer approximation should be
obtained from the equation :-

T- Ry

AW 3 . . o
s 2(dp - de)'t‘s ( in which dp is the
outside diameter of the section at which the torque is equally
shared between plastic and elastic flow and de is the diametex

of the central elastically strained area) for the condition when:-

Y _ Tys
2 - 16de ™ s
IAY
-1-% d: Ty = zx (Té dz’t's:)
3
-.o _d__e_ = _@_-_5_
16 24
hence de = 0.8736d
TV .3 T 3
From nge'};s = 33 (¢ - a> )%
a3 a® - a2
_e = P e
4 3

Substituting for de

LQ-.B.?@E S (0.8736d)"
3

Il

ndg

The accuracy of this value devends on the

1.053d

accuracy of thez assuaption that the amount of plastic strain in
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this section is proportionate to the relative amount of torque
absorbed in causing plastic flow. This would be ‘exactly true for
the perfectly plastic material but it will be less accurate for
real materials.

Thus, for a perfectly plastic material, D lies
between 1.10046d and 1.053d, probably being much nearer 1.053d than
1.1006d, since 1.1006d represents zero plastic flow.

However, in a real material the Q;astic;ty§o£
the material and, more particularly, its strain~hardening
" characteristics will raise the lower level significantly, but by
an indeterminate amount. On the other hand, the minimum diameter
of zero plastic strain will remain almost unchanged. X reasonably
close approximation for a real material would probably bes-

2

A few tests were made on aluminium -5%
magnesium alloy, at room temperature, to assess the validities of
these assumptions. Three sizes of blending radius were useqd,
respectively %, % and %, see Figs, © and 7. (For coumparison, an
aluminium bronze specimen tested at 600°C is shown at (d) in
Figs.6 and 7. .It can be seen,from the photographs,that the
behaviour seems to conform reasonably closely to that predicted,
béth with respect to surface flbw and internal flow. Bach of the
specimens was scribed longitudinally on the specimen sufface,
before testing, and the diameter on the radius at which the
scribed line was deflected half-way between its original axial
direction and the final helical angle of flow, see Fig.6, was
measured as accurately as possible by means of a travelling

microscope. The results are ziven in Table 2.
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(a)

(v)

(e)

(&)

FiG. 6.

External appearances of ends of gpecimens with
differing ratios of S/d. tested in plastic torsion.
(a) Al.5%Mg.tested at room temperature /4 =%
(b) | do &fa =%
(¢ - do &4 =4
(d) Cu. 10% Al 5¥Ni.tested at 600°C  &/a =% (Note. There
were no initial longitudinal retference scribe marks on the surfaces
of this specimen; therefore the graduation in plastic flow at the

end of the test length is not so clearly indicated.)
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(v)

(e)

(a)

XK

FIG. T.

Macrosections on the central planes of the ends

of specimens tested in plastic torsion.

(a) Al.%Mg.tested at room temperature B/a =
(B) do. 5/a =
(c) do. /4 =
(@) Cu.10% Al, FhFe.5%Ni. tested at 600°C §/4 = (Hote. It was:
very difficult in this material to etch up the structural

Gl o G

modification caused by the plastic flow,although the effect was
visibleyso the extfeme outline of the plastic flow zone has been
artificially marked, as accurately as possible, without attempting

to indicate variations in the flow structure,)
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TABLE 2.
Approximate diameter D at 50% apparent plastic angular
deflection in specimen ends of Al.5% Mg,tested at

room temperature.

Fillet § Gauge diameter d Average D { D/d
zadius mm 7 mm E
4/, 8 8.78 1,098
&y 8 8.70 ~‘ 1.091
d/S | 8 8.76 : 1.095
Average value of D/d = 1.094 | |

From this it looks as if D/d= 1,077 is a
reasonable guess for this mateiial, bearing in mind that the
actual value of D was not méasured to a high degree of accuracy.

It is of interest to make some comparison of
the probable limits of accuracy of calculation of strain with
different methods for determining L,with differing fillet radii.

The value of D may be approached in several
ways.

1. By direct calculation from the ratio using the assumed diameter..
2, By a system of approximation such as that based on the
circumference at which a tangent cone, see Fig.5.(d) touches
the fillet. (Mote that this gives a decreasing value of D for
decreasing fillet radius,)
3. By an arbitrary increment based on the size of the fillet
radius (17).

In the following tables fhe relative
accuracies are tabulated on the basis of the relevant equivalent
gauge length, being equal to 3.1416d4 and being used as the

reference gauge length.
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TABLE 3.

Basic length between shoulders for a gauge length

= 3,1416d at D = 1.077d.

Symbols as in Fig.5.(c).

Values all related to d.

P ot et

f : L ! Brror in gauge
: ] , length relative
% : % (8 -x) 1+ 2(d-x) | to observed
% % values Table 2
2 | o0.1924 0.30759 |  3.75677 + 1%
{ : (3.71831)
3 0.15552 0.17781 3.49721 + 0.8%
(3.46693)
4 0.13330 0.11670 3.37498 + 0.7¢%
R (3.34977) s ]
5 0.11798 0.08202 3.30563: + 0.6%
(3.28399)

¥ Equivalent corrected lengths for

D = 1.0944 shown in brackets.

TABLE 4.

Length between shoulders with L = 3,14164 at tangent.

cone positions,see Fig.5.(d).

Values all related to

d. Compared with 1 = 3.1416d at D = 1.0774d.
i
4 % Bquivalent x (% -x) Lre % error in
) b A gauge length
2 | 1.50003 0.43302 | 0.06698 | 3.27556 ~ 13%
3 1.399176 0.30549 | 0.02781 | 3.1972 - 8%%
4} 1.33416 0.23571 | 0.01429 |3.17098 | - &
b e b P 20 s &1 et ._;-v,..,u-._—w-»-‘..-,—w-m..—?.»—-—--, e ~.<€ e VUL S U SRR NIUP ORI
5 1.28543 E 0.19166 | 0.00834 | 3.15827 - A%
ol . : Kk N—
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TABLE 5.
BErrors with fixed lengths between shoulders of 3.14164,
+5 and 3.14164 + 28. Compared with 1= 3.1416a

at D = 1.077d

d ! Error with z Error with . Errox with
& | L= 3.14164 t L = 3.14164 +5 L = 3.1416d + 2§
2 ~ 1644 - 3% + 10%
3 - 10% - 1% + Kb
4 - T *tiﬁé 1 + 8%
5 - 5% + 1% + T

These results are recorded graphically in
Fig.B., and from this it certainly seems worth while to make a
realistic estimate of the equivalent gauge length, although L =
3.1416d + & (17) gives a fairly close approximation for values
of % lying between 3 and 5.

With smaller ratios of % the strain errors
would be proportionately greater than those shown in the tables and
with smaller radil proportionately less, provided that anomalous
flow and/or premature failure does not occur in the fillet, under
the influence of stress concentration. Examination of Fig.7
will show that plastic flow under the sharpest fillet does not
conform to the pattern found in. the other two and that anomalous
behaviour is developing.

Since no analysis of these sources of error
is given in any of the current literature on testing in plastic
torsion, this leads to some doubt concerning the accuracies
claimed for much of the experimental work. In practice, even
when a realistic gauge length has been estimated, it is desirable
to correlate observed strain markings on the specimen with the
assumed gauge length, see Fig.6, and to meke a suitable correction

if that seems appropriate or necessary.
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A reasonable compromise for the values of %
and $ would seem %o be-% =T and & = %; giving a maximum error of
about +3% without creating too severe a stress concentration at
the ends.

Of course there is always a possibility of
change in axial length during testings; sometimeS;a shortening and
sometimes a lengthening.

Although not clearxly understood, it seems
probable that the cause of these phenomena is linked with the
tensile and compressive components of stress always present when
2 shearing stress is applied, see Fig.9.(a). In the case of a
cylinder subjected to coaxial térsion, see Fig.9.(b), a helically
disposed tensile fdrce, winding in the direction of torsion, is
set up in conjunction with a helically disposed compressive force
winding in the opposite direction. The resultant stresses are-
at their maxima at the surface and tail off to zero at the central

longitudinal axis. In theory these stresses vary with and,in
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FIG.9. Tension and compression

associated with shearing.
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‘ intensity,are equal to the shearing stress (i.e."f = G¥‘= OE) aﬁd
should not initiate plastic flow in these conditions. However,
the resistance of a material to plastic flow need not bé quite so
simple once torsional shearing gets into conditioné of yield. 1In
fact, no one knows how a material's resistance to tension.and
compression varies during massive plastic flow conditions; but,
in view of the observed phenomenon of changes in axial length of
cylinders subjected to coaxial plastic torsion, it seems ewident
that the respective resistances to tension and compression must
change, and not necessarily in. step. 1t appears likely that
such factors as crystallographic structure, crystallographic
orientation, grain size and heterogeneity can each affect this
behaviour in particular situations.

If tensile and compressive resistances fall,
but do not vary in step so that their influences balance out, a
stage might be reached where secondary slip could occur. If the
equivalent yield in tension (Yt) is greater than the equivalent
yield in compression (Yc), flow in compression will occur,
analogous to "barrelling" in a compressive test, and, as a result,
the eylinder will shorten. The "tensile length" tends to remain.
unchanged on its helical path and a helical ridge of compression
deformation tends to rise between the turns of the tensile helix
allowing them to draw closer together, see Fig.10.(b).
Conversely, if Yt is less than Yc7 tensile stretching may occur
against unyielding compression, with the result that the cylinder
will lengthen; because plastic contraction occurs in the path of
the tensi}e component. That is, a helical tensile groove
(aggﬁﬁggglﬁ¥} the neck in a tensile test) sinks into the cylinder
surface, see Fig.10.(c). In each case the ridges that appear on

the specimen surface would be orientated in the same spiral
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FIG. 10. ©Possible modes of deformation, in
torsional plastic flow, due to direct

stress componenis.

1.2.2. Mechanical Aspects.

Torsion is a relatively eaéy kind of load to
apply, entailing only a2 simple drive from a standard rotatory
power source,such as an electric motor. The drive may readily be
transmitted through a standard variable~speed mechanism,such as
~either a selective gear box, with a number of fixed ratios, or a
hydraulic drive with infinite wariability qf ratio within a given
range. Stopping and starting may be done by means of a convenitional
plate clutch or dog clutch,

Basic machine frame construction can be simple.
and uncomplicated,because the load is free of undue shock and
because stress need not be éf high intensity except within the
test piece.

Mechanized and automated interlinking of
fﬁnctional sequences is readily possible,with some sacrifice of
simplicity.

As shown in Section 1.2.1., test piece shape is
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simple (Table 1). There are very few problems of insertion and
removal of test pieces,provided that this is suitably taken into
account in the design of the machine,
Control of vibration should not be difficult,

1+2¢%. Measurement of Stress and Strain.

Owing to the unceritain mode of distridbution of
stress in a cylinder undergoing massive plastic strain (see |
Section 1.2.1.) it is impossible to measure stress directly in any
region of a test piece by any means currently available. The
best that can be done is to measure the deforming torque and

correlate it to surface strain by a relationship such as

T = iv(z + i + m) _see page 14. Accuracy is then dependent more
s a ’

on accurate knowledge of the values of the appropriate constants-
than on accuracy of torque measurement. This accurate knowledge
can be acquired,on a statistical basis,with increasing experience
of torsional straining in conjunction with confirmatory resﬁlts
from experimental work on associated aspects in the field of
plastic straining (16,26,27). Thus, as more experimental work is
done, more accurate values for constants are obtained and more
accurate eguations are developed. At presenit, accuracy within
+2¢% (12,17,26.) should be possible, provided that torque
measurement is itself reasonably accurate.

There should be no problem in making torque
measurements accurate to within +1% and i%% should be possible.
Given the former accuracy the total error should not exceed the
+3% which is already claimed (12). This accuracy is appreciably
better than that possible in other systems of testing of massive
plastic flow conditions, since, in all such systems tried so far,
strain or stress conditions do not remain constant long enough to
obtain accurate values of léad for a known cross—sectional area

(15,16,28,29).
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Provided that the total torque is kept to a
low level, relative to the machine stiffness (i.e. provided that
unstable elastic deflections in the measuring apparatus are avoided)
and provided that the friction in the torque measuring system is
maintained at a2 low level, a simple single-lever measuring system,
perhaps acting on a load cell, should be adeguate.

Strain measurement is. a simpler matter and, at
least with respect to the surface flow conditions on a cylinder,
can be accurate within the limits. of uniformity of behaviour of
the material (29). Ideally, a torsional strain indicator (1)
actuated directly from a uniformly deforming parallel lgngth of
test cylinder would give best results; but such indicators are
bulky and likely to modify plastic flow by their presence;
particularly if used on a small-diameter specimen. Furthermore,
they are likely to interfere seriously with a heating systemn.
Hence, it is usually more desirable to measure plastic flow from
the shoulders of the test piece, as discussed in Section 1.2.1.
and accept some risk of error. If the testing machine parts are
kept relatively stiff and lightly loaded, then, compared with the
strain in the test-piece gauge section, any deflection in the
machine will be negligible and strain measurement may then be
taken directly from the drive spindle rotation (29). That is,
drive-rate can be directly convertible into gtrain rate at the
specimen and total rotation can be directly related to total
strain in the specimen. Spindle rotations are easy to measure
accurately; but spindle speed is more difficult because (i)speed
may vary significantly with load, (ii) times for measurement may
be very short, and (iii) the times taken for acceleration and
dec eleration may introduce significant errors. However, care in
the design of the machine and suitable choice of equipment should

bring these sources of error to a satisfactory minimum.
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1.2.4. Thermal Control.

Because torsional plastic straining involves
only simple rotational movement of the drive input, and because
the straining length remains more or less constant, it should be
comparatively cheap and easy to arrange a controllable heating
system, of the radiant resistance type,for isothermal testing. On
the other hand, if the requirements for low-intensity 1oading and
torsional rigidity (see previous Section) are fulfilled, there will
be the relatively large mass of the machine-drive spindle-end and
the similar mass of the holding spindle-~end present either within
the controlled temperature zone or in its close wicinity. It is
inevitable that this mass must act as a heat sink, with the result.
that the heat input must be relatively high to compensate for heat
loss and controlled rapid rises and falls in temperature may be
difficult to achieve,

The heat-sink effect could be overcome by using
either a high-frequency induction or a direct-resistance heating
systemn, but these would inevitably involve greater complexity in
design of the equipment and greater cost in the power source. of
the two,. the direct resistance heatiné would be far simpler to
apply to suitable materials and lower in cost. In fact, the
massive spindles might then be an asset in conducting current to
the test piece without much current loss or woltage drop.

Current could be introduced by way of a carbon commutator on the
drive side and a flexible braided copper connector on the holding
spindle side. It would be best to use a.c. because direct-on
switching could then be used with less trouble from arcing. A
cheap a.c. welding set could provide a suitable low-voltage power
source, e.g. 2 2004 continuous-rating welding generator is capable:
of heating a 6mm dia. steel cylinder to 1300°C in a draught-free,

enclosed, environment with radiation-reflecting walls.
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Another alternative would be to use a pair of
atomic-~hydrogen "flames" (30), or a pair of plasma "streams" (30Q),

see Fig.11.; but it is certain that the capital costs involved in

2 .

Atomic .‘-\\xdvo qen
— or plasma heat
,S?echnan 3: ';7'73 X source

FIG.11. Possible system for heating

test specimen to high temperature.
providing these would be too high and it is unlikely that suitable
power packs would be available for borrowing. It would be
possible, quité cheaply, to use multi-jet oxy-fuel gas flame
hea%ing in a similar manner, but oxidation from the flames would
present insuperable difficulties with some materials.

Quenching should not be difficult to arrange
except that the heat mass, mentioned above;would necessitate that
the gquenching flow would have to be maintained 1ong enough to
prevent reheating of the specimen by the soaking back of heat from
the spindles. This problem would not be nearly so great with
induction, or direct resistance heating, sinée the spindle ends
need not then be heated to the same extent. Suitable design of
eguipnent should prevent contamination of the machine by water
during guenching.

Whichever heating system is used; it should
not be difficult to find 2 suitable, automatic, temperature

control system to operate from a thermocouple sited in contact
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with, or close to, the gauge section of the test specimen.
Uniformity of temperature along the specimen gauge length and
throughout its thickness would depend on suitable application
of the selected energy source in conjunction with suitable control
of thermal insulation relative to the main sources of heat loss

(notably, conduction loss through the specimen grips).

1.2.5. Power Reguirements.

The power requirementsvfor‘ﬁot torsional
gtraining are likely to be modest as far as mechanical power is
concerned, hence the largest machine in Table 1 has a maximum
torque of 45Nm and, if the maximum strain rate required is.assumed
to be 20/sec on a specimen gauge length of about T d, the maximum
mechanical power reguirement is only 6kW (approx. 8h.p.) for an.
efficiency of 95%.

Heating power would depend on the temperature
required and on the heat losses, say another 5kW altogether, as
typically required to heat steel 12mm dia to 1300°C in a radiant
resistor tube furnace, although the losses in h.f. induction
heating could be much more if the coupling efficiency is low.

Other power requirements would be small
compared to these and may be neglected at this stage. Hence, the
paximum total power requirements are unlikely to exceed, say, 12kVW,
whereas a cam plastometer for testing a specimen of comparable
size at similar rates of strain is likely to require at least
double this power,

1f modest demands are made with respect to
specimen size, strain-rate range, and maximum temperature, the
mechanical and electrical power reguirements of a medium-sized
plastic torsion testing machine are likely to be within the
average range of power ratings of standard items of equipment suéh

as motors, gears, clutches, etc., so the capital costs for such



42

items are likely to be moderate.
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2.  RATIONALIZED REQUIREMZTS FOR A TORSION TESTING MACHINE.

Before making a decision to develop a plastic
torsion testing machine it is necessary to be clear Qhat is
required from it in terms of type of service,'range of results,
adaptability for experiment, znd local limitations. From this
first rationalization a more precise specification may be prepared.

In the present instance there are four
qualifying factors:-

(i) The machine must be capable of use by undergraduates as a
means for demonstrating principles etc. (i.e. for teaching
purposes).

(ii) The machine must be adaptable to a relatively unpredictable
range of differing applications for post-graduate research
studies.

(iii)The design must be such that as. many parts of the mechanism
as possible are relatively cheap, off-peg standards and the
remaining parts are of a nature suitable for manufacturing
within the Departmental facilities.

(iv) Both the initial capital cost and the average running costs
must be low.

2.1, ' Teaching Purposes.

At present there is no standard of practice
for plasticity testing in torsion, As can be seen from Table 1,
page 21, there is néither an agreed uniformity in the oproportions
of, nor a common basic size for test pieces. On the other hand,
it seems reasonable to expect to be able to demonstrate most
features of behaviour in plastic torsion with lower-melting-
temperature materials, such as light metals and alloys, at
relatively slightly elevated temperatures on a2 compromise size and
shape of test piece.

Two things would appear to be of over-riding
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importance (a) ease of use and (b) safety.

2.1.1. Test Piece Proportions.

The use of light metals and alloys as standard
test materials does not necessarily imply any notable reduction in

the power requirements of a machine relative to a given size of

test piece. Indeed it could well be that the torque required to

strain, say, a particular aluminium alloy at about SOd’C could be
greater than the torque required %o strain an identical-sized test
piece of low-carbon steel at 1200° C, because the strength of the
aluminium alloy could be relatively the greater at the lower

temperature of working, see Fig.12. (31,32). Hence,the criterion
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FIG.12. Stresses required for deforming two

differing materials in their respective hot
working ranges. ( Abstracted 31,32.)
of power-requirements depends more on size than material, and
equally valid results appear to have been obtained by each of the
workers listed in Table 1, page 21, irrespective of the test piece
diameter, It would seem that workers using larger~diameter

specimens did so principally because they had extra power

available, rather than from necessity. On the other hand, the
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smaller the diameter the more likely there is to be a notable
effect from structural differences,such as grain size. A
diameter around 6mm seems a reasonable compromise, leaving
latitude for increase or decrease if it is considered desirable.

To ensure provision for flexibility it would be
preferable to give adaptability for length:diameter ratios over the
" whole range of Table 1 while choosing a basic ratio of TT to
simplify strain reading.

2.1.2. HRase of Use.

For laboratory teaching it is essential that.
the equipment should be fairly siﬁple to use. This requirement
evolves partly from the need to control the time téken in setting
up for testing and/ov'changing one specimen for another during
testing and partly from the fact that relatively unskilled
operators such as undergraduates are likely to be making the tests.

In fact, to achieve fhis simplicity, provided
that reasonable flexibility is still maintained, it is desirable
both to limit the complexity of the machine and to make specimen
changing simple,even at the sacrifice of some accuracy.

An obvious simplification would be to drop any
requirement for reversing the strain direction during a test.

This change would have a itwofold effect. _

{(a) It would simplify the whole mechanism, both with respect to
mechanical complexity and with respect to skill reguired in
setting up.

(b) Drive to the test piece would be positive and problems of
backlash would be eliminated.

There appears to be no pressing need for strain reversing and,

indeed, only one of the research projects listed in Tabie 1 records

any results with reversed strain,and aspect (b) would permit test

accuracy to be maintained whilst achieving simplicity of test
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piece design.

A reasonable compromise would be to make the
machine basically for unidirectional straining but adaptable,
subseguently, to reversing operation by means of some simple
modification to the test piece ends.

Setting uwp is always likely to be somewhat
time absorbing, particularly if widely differing test conditiouns
are required from test %o test. -~ Even with unidiregtional
straining, it is likely therefore, that,if differing test
conditions are required, the potential effective utilization time
for the machine on actual testing would be very low. 1t seems
logical to design the machine to make it adaptable, if desired at
a later date, to dual operation; that is, to provide facilities
for two test heads which can be operated alternately at will
from one drive mechanism,

Load and strain nmeasurement systems should be
kept simple and preferably with facilities for autographic
recording or déta logging when required.

2.1.%. Safety in Laboratory Teaching.

Whenever a teaching demonstration is being
given, but particularly in a teaching laboratory, safely is a
paramount consideration.

The very nature of practical laboratory
teaching lulls operators into a state of mind in which they are
not best able to cope with the unexpected and in which they become
careless of known risks. Risks that are acceptable when a
qualified research worker is doing fundamental or exploratory
work,in a relatively leisurely way, become criminal when present in
laboratory teaching work. The latter is particunlarly true in a
practical laboratory where <he operatofs are students likely to be

relatively unskilled, sometimes irresponsible, and often pressed
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for time, either because of limited laboratory hours or because
they are in a hurry to rush off to some other interest.
Consequently, the maximum safety must be
incorporated into a potentially dangerous piece of equipment such
as a torsion machine, |
The dangers can take several forms such as (i)

mechanical, (ii) electrical, (iii) thermal, and (iv) ergonomic.

(i) Mechanical hazards arise whenever there are mechanically
moving parts, In a2 torsion machine the basic motion is rotary
but. there will be some reciprocatlwg movements associated with
specimen insertion and removal, and, possibly, heating and
cooling facilities.

Rotary motion is particularly dangerous when
there are radial projections on the rotating parts and more
especially if there is interlocking of such projectiohs between
adjacent rotating parts, e.g. as in gear wheels. In the latter
case guards must be fitted. However, even smoothly-contoured
rotating parts can cause damage by frictional catching on clothing,
hair or loosely flexible material. Guards should be fitted or,
if complete guarding is not practical for some reason, the
rotating surfaces should be as smooth and frictionless as possible
and as little exposed as possible.

Reoiprocatiny motion may be either manually or
power driven.

In the former case, provided that the ratio of
nanual movement to machine movement is kept high (i.e. effective
speed of machine movement is kept low) and that the ménual
movement can onlyvbe performed in such a way that the operator's
body is clear of any resultant movement of the machine, there need
be very little danger. Specimen insertion and removal would be

certain to require manual movements; therefore, as far as possible,
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these should be kept to safe limits.

With powered reciprocatory movement there is
always danger whenever movement is rapid and wherever two parts of
a2 machine move towards each other. In the latter case there are
two opposite situations; (i) when movement is slow it tends to be
forgotten until part of the operator's body is trapped and it may
be too late to escape; or (ii) if the velocity of closure is rapid
there may be insufficient time to escape. In the present instance
it seems unlikely that powered reciprocating movement will be
required for anything except, possibly, a quenching operation.
Provision must then be made for effective guarding, in conjunction
with some form of safety interlock that prevents the dangerous
movement taking place until the guard is safely in position,

In general, all moving parts should be guarded
as far as possible; but it is likely to be necessary to have ready
access to some moving parts for additional instrumentation etc.

In the latter case it may not be possible to fit guards; but, if
this situation arises, the type of exposed movement must be of a
relatively innocuous kind. If it is not, the instrumentation
system or other relevant reguirements must be changed to mz2ke it so.

(ii) Electrical hazards are likely to be present wherever

electricity is used but particularly when water is also present.
In the present instance electricity is likely to be reguired for
four purposes (a) primary drive, (b) control purposes, (c) heating
and (d) instrumentation. Water is likely to be present for
quenching and possibly also for functional cooling (e.g. if
induction heating is used).

It is highly desirable that water should be
eliminated from the locality but this presents problems.
Quenching rafes must be as high as possible and water is the only

convenient, cheap medium. 0il quenching might be used but the
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cooling capacities of oils and other fluids are limited compared

to that of water and, with any recirculating fluid syﬁtem, suitable

cooling of the fluid would have to be provided at quite high extra

cost in capital, in floor space, and in mechanical complexity.

Taking all the factors into account, water is essential to the

plastic torsion testing situation if metallographic study of test

pieces is to have reasonable significance. Thereforé, the
presence of water has to be accepted and every precaution‘taken to
ensure electrical safety. These precautions should take two
forms: -

(1) As far as possible all electricai power anﬂ control points
should be kept as remote as possible from the vicinity of free
water such.as spray and draining flow areas etc..

(2) When it is impossible to ensure spatial separation electrical
insulation must be adequately waterproofed.

The primary drive is likely to be a tﬁree~
phase motor (see Sections 1.2.2.) therefore the maximum voltage to
be considered immediately becomes 415V (i.e. the woltage acrbss‘
two‘phases). On the other hand it is feasible for the motor to be
kept fairly remote from other parts of the machiﬁe o which
’electric power is fed. Only at the control panel stage need
single-phase supply (maximum voltage 230V) come near a secénd
phasge, and even this contiguity can be confined almost exclusivelf
to the solenoid—operated power switch, if the three-phase supply is
kept otherwise entirely separate. Another factor which makes this
arrangement desirable is that the local provision for three-phase
power supply in the laboratory in which the machine is most likely
to be used is a 4-pin, (i.e. three~phase and earth system) without
a neutral; hence 230V control power cannot be tazken directly from
the three-phase supply without running an independent neutral line,

It is simpler to run an independent 3~wire single~phase and earth
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system from an adjacent outlet socket, several of which would be
available.

An electrically~operated control system is
essential because of its unbeatable versatility, adaptability,
facility for interloéking and speed of operation. |

As suggested above, a control system would not
normally be operated at é potential above 230V. It can be argued
that an appreciably lower voltage i§ desirable fdr safety, but
against this is the risk of accidentally linking auxiliary
equipment of 230V potential into the low-voltage line behind the
fuse and so damaging the circuit. Most of the likely standard
auxiliary equipment (temperature controllers, u.v. recorders, data
loggers etec.) is 230V so the sensible decision appears to be to
standardize on a wniform 230V circuit for control and
instrumentation purposes and then to insist on good mechanical
protection and good electrical insulation. The latter aspects
should not be difficult to ensure, since a large proportion of
standard industrial electrical controls etc., designed and tested
for 230V operation, are readily and economically available. It
is desirable that as many of the controls as possible should be
centrally and accessibly sited, but preferably grouped together on
a separate console.' Heating is most likely to be electrical and,
whatever basic system is used,it is desirable that the primary
potential should be 230V. It is essential to ensure that, if a
separate electrical power source is used for electrically-powered
heating it is taken from the same phase as the control system.

If this is not done an undesirably high potential difference of
415V would exist. Mormally, single-phasing should not be
difficult to arrange, because adjacent single-phase socket outlets
irn a laboratory must come from one phase; but, if a special supply

has to be laid on, then phase mixing could occur if care is not
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taken to avoid it. Inevitably,the heating centre in torsion
testing must be in or near the gquenching zone, therefore extreme
precautions must be taken to avoid dangers of eleciric shock
arising from the presence of moisture and dampness. It is
essential that the electrical heating power should be turned off
before gquenching and it is preferable that the electrical heat
source should be moved out of fhe way before guenching water is
turned on. The quenching water supply should be safeiy
electrically interlocked with the heating power.

Instrumentation is most likely to be
electronic in nature and, as mentioned incidentally above, 1is best
kept uniformly suited to 230V single-phase supply for similar
reasons to those applying with respect to controis. Standard
equipment, of known built-in safety, should be used wherever
possible and any special electrically-powered instrumentation must
be given at least the same margin of safety.

Appropriate, safe fuses must be incorporated
into each circuit.

(iii) Thermal hazards must exist when significantly-elevated

temﬁeratures are in use,

Fire is always a possibility and it is obvious
thatbcombustible material should be kept away from heated areas;
but, apart from this, no more can be done than to take normal
fire-safety precautions. The latter should take the form of the
provision of a fire extinguisher, suitable for "electrical® fires
(a powder or gas type), and a fire blanket or blankets. Of
course the machine should not be sited where it creates a possible
fire trap.

However, a possibly smaller, but 2lmost
certainly more likely, danger is that of skin burns through

contact with hot surfaces (or open flames if they are used).,
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Wherever possible and practical a water-cooling and/or thermal
insulation system shoﬁld be used; but it is impossible to do the
present kind of work without exposing hot surfaces at some stage
in an operation, and therefore, some risk has to be taken. As
far as possible, hot surfaces must be surrounded by a mechanical
guard or guards. It is likely that a simple shroud-cover,
enveloping the whole of the operating area, and interlockedeith
the electronic control circuit,will give best results, particularly
in conjunction with some degree of automatibn of the heating-
quenching cyble. The shroud should incorporate a fairly generous-
sized viewing panel so that every normally-visible happening can
be obserwed.

It is obviously desirable that the lowest
suitable maximum test temperature should be used. 'Probably
aluminium and its alloys are sufficiently good for most teaching
purposes

(iv) Ergonomic hazards can arise from (a) uncomfortable operating

attitudes, (b) badly placed controls, (c) obstructions to free
movement and (c¢) physical overstraining and/oxr psychoiogicaliy-
induced carelessness.

Operating in an uncomfortable position can
lead to rapid fatigue and slow reaction to suddenly-arising danger
or sudden change in the state of an experiment. Therefore, it is
desirable that the working height of the machine should be the most
comfortable both for setting up an experiment and for observation
during an experiment. This requires an operating height of about
900mm which is likely to be comfortable for manual manipulation, in
a standing position (by an individual of average height), of
moderate-sgized and light parts such as are likely to be used on a
machine of this kind when setting up an experinent. Ideally, a

position just below eye level is most comfortable for the wvisual
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observation, in a standing position, of a single phenomenon or
very small numbers of phenomena, so 900mm would seem to be low for
comfortable specimen observation. However, this is not the only
point of interest, and a number of closely-timed observations of
the specimen, of control settings, of-timing sequence etc., are
likely to have to be made. Hence, it is reasonable to make the
specimen the lower parf of the circle that has to be wvisually
scanned and to place important controls behind, close together,
and a little above the specimen position, so that they can be
scanned quickly without raising the eye level too much, and
preferably without having to change the body position (i.e. they
should 2l1 be within the normal, easy, cone-of-scanning of the
average eye). Less critical controls, or controls needing less
freguent scanning, should be placed above the othersjbut, if
possible, still within the limits of unstrained upward eye
movement, As far as possible, every point to be wviewed should be
kept nearly equi-distant from the eye position. The latter

requirements can be very difficult to fulfil without entailing

LIVE FURNACE OFF FURNACE ON

FIG.13. View of main control panel.
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considerable complexity in the design shape (and consequent
appreciably-increased cost). In the present instance, a
reasonable compromise would be to use a vertical, flat, control
panel above and behind the working level of the machine, see Fig.l3.
The positioning, and nature, of controls are
important factors in aiding the rapid, consistent operation of any
system requiring external setting an@/or adjustment. They are also
important factors in ensuring safety. For easy visibility the
principal control>position is best placed above and behind the
test level of the machine,but this recommendation must be
considered also with respect to ease, speed and safety of manﬁal
access, The overall height of any guard or cover over the test
position is unlikely to be greater than za2bout 1050mm and, provided
that the outer surface of the guard is kept smooth and free from
projections likely to catch on clothing or any paris of the body;
it is unlikely to offer any serious impediment to free movement of
the hands which are, normally, likely to be held at a comfortable,
ready, position about level with and perhaps even resting on the
guard itself. There is no need for the controls to be more than
ébout 200mm. behind the test piece centre line or more than 200mm
above it. Probably only four controls of critical importance to
safety in operation are likely to be needed ("on" and "off" for
each of motor power and clutch engagement) and these could
probably be grouped closely together within an area 300mm square,
Thus, after an initial hand and arm movement of about. 400mm to the
centre position, all critical controls would be within finger and
wrist movement distance. The total forward reach over the
machine need not be more than 350mm. It is desirable that the
purposes and states of each control should be clearly indicated,
therefore,each should be distinctively labelled, the buttons

should be distinctively coloured and a suitably-coloured warning
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light signal should be provided on each system close to the buttons;
but not so close to each other that respective button positions

could be confused with each other, see Fig.14.
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PIG.14. Close-up of wview of button operators

on main control panel.

There is one other likely control, not required
for safe operation during a test, which could give rise to danger
when used at the end of a test, namely, the quench-control button.
This should be sited so that the act of operating it keeps the
operator's hands away from the test position. Simultaneous
two-button operation with the buttons at least 500mm apart and
below the test position would be ideal; but, in the present
instance, a research operator would almost certainly require one
hand free for near-simultaneous switching of ancillary equipment,
so the compromise is accepted of using one button and positioning
it on the front and to the left of the centre of the under-frame
cross-bar of the test bed, see Fig.195. It is essential that the
quench-operating button circuit should be interlinked with both the

heating-pover supply and the clutch-power circuit to ensure that
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the heating circuit is safely cut off before the guenching water
flows (the natural delay due to the inertia of the water in the

quenching system is probably sufficient to give this condition

FIG.15. *“Quench" control button operator on

front of test bed frame below dog clutch.
without special precaution; but this should be verified and, if
doubt exists, other precautions should be taken) and that the
clutch is disengaged before quenching water flows, If the latter
is not ensured there is danger to torgue—measuring equipment and
other parts of the system dve to the sudden rise in torque likely
to ocecur with falling temperature.

Obstruction to safe, free, movement of the
operator is always a hazard with any power equipment. It is
mentioned above with respect to the ease of reaching operating
controls; but thexe should be concern also with movements of the
operator when setting-up and when performing ancillary operations
during tests. To keep easy movement possible the front face of
the machine should be free from unnecessary orojections,

particularly of sharp or long projections, and foot movenment
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should be unrestricted within the working area. To give the
latter conditions the machine front line should ryun away from the
operator as it falls to knee level and should run farther still
towards foot level, A steady slope of the machine stand from the
bedplate level back to about 150mm from the front face should be

sufficient, see Fig.16. Although all main control positions

PIG.16. Clearance slope at front of machine

with service and servo-conirol panel set

back in frame,

should be within easy hand reach, without need for either strain
or for excessive movement, it is permissible that the primary
service controls should be rather less accessible and they should
certainly be in a position in which they do not cause obstruction.
Below the test-bedplate and set back under the machine gives quite
good unobtrusive positioning for the latter, see Fig.16.

The general impression should inspire confidence
in the operator without overawing him. Thus, a stationary

machine should look rigid and stable, but not massive or
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overwhelming. Clean,light,colouring should be used wherever
possible to create an air of cleanliness and cheerfulness.
Economy prevents any extravagance in this present connection,but,
even with limited money and restricted manufacturing facilities,it
should be possible to create a reasonably good impression,
particularly since the machine need not have a great maximum
height and can be kept within fairly restricted limits of ground
area. 1In this case, it is possible (and desirable for other
reasons) to use rigid-looking members and overall proportions that
make the maéhine look stable and reliable. Normal industrial
paints in conjunction with tidy, bright, contrels and a little
chromium plating can be used to give guite a good impression.

2.2, Adaptability for Research Purposes.

In general, it is impossible to predict what
might be regquired by future workers in . new, or developing, |
associa#ed fields. However, there are certain aspects for which
flexibility for adaptation seems desiraﬁle.

Tﬁese aspects include (i) testé on differing,
or new, or unusual materials, (ii) variation in strain rates and
for strain durations, (iii) accommodation of differing load
ranges and load variations, (iv) control of end-load measurement
and end-freedom, and (v) provision. for reversed straining.

2.2,1. Differing Materials.

It is not necessary to go to new or unusual
materials to find widely divergent conditions for conventional
testing. Aluminium alloys and steels, for example give
contrasting requirements. Aluminium and iﬁs alloys are commonly
hot-worked at temperatures in the region of 500°C;whereas steels
may be similarly wrought at sbout 950-1200°C. In the case of
hot~working of aluminium, surface oxidation is unlikely to cause

much difficulty, but steels are very prone to scaling in their
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hot-working ranges. Thus, steels are likely to require both
relatively high temperatures and simultaneous protection from
the atmosphere, neither of which is easy to achieve, In fact,
1200°C must be near to the maximum temperature atfainable by
conventional means in the circumstances apﬁropriafe Yo testing'in-
plastic torsion (see Section 1e2444). Any temperatures above
this would require direct electric-resistance heating, electric
induction heating or one of the special systems mentioned in
Section 1.2.4. Some of the latter are unsuited to the provision
of a protective atmosphere, in particular, the cheapest systenm,
the oxy-fuel gas flame. Most high=-temperature heating systems
present difficulties with respect both to accurate control of
temperature and to control of uniformity of temperature.

Altogether, the regular provision of relatively
high temperatures, combined with effective protection,would be very
costly, probably more than doubling the total cost of the
equipment, and cost is important, see Section 2.4.

On the whole, sinceithe immediate emphasis is
on routine teaching experiments, it seems reasonable to limit the
primary heating provision to a simple, cheap, system, say radiant-
resistance heating, by means of a tube furnace, keeping the normal
maximum temperature level down to 600°C with provision for some
work at higher temperatures in conditions of relatively less
efficient heating. However, the machine layout and components
should be designed to permit the subsequent installation of more
sophisticated heating, if required,and if money and/or equipment .
becomes available. Specimen adaptors etc. should be made as
heat—résistant as possible right from the start.

In the latter context, because no machinable
engineering material of sufficient strength and toughness is

available for use at temperatures much above 1000°C, the heating
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system chosen specifically for high temperature work must be one

which does not greatly elevate the tempverature of the specimen

grips or adaptors, i.e. the heating must be suitably concentrated
on the specimen.

There are definite disadvantages in using a
tubular, radiant, electric-resistance furnace:-

(i) It is bound to impart a large proportion of its heat to the
specimen adaptors and machine spindles to overcome the
temperature drops at the specimen ends.

(i1) Heating must be by "soaking-up" to a controlled furnace
temperature, which entails appreciable delay in attaining
test temperature, due to the presence of the heat sink effect
of the specimen adaptors etc.

(iii)Quenching requires the removal of the furnace before
quenching can begin.

(iv) Quenching must be prolonged to cool the large mass of the
adaptors. etec. before_specimen handling becomes possible,

(v) Observation of the specimen during testing is difficult
t0 arrange.

Paking 21l these points together, a radiant furnace is not

particularly desirable; but its cost is lower than that of any

other suitable system by a margin of about 1:50. It is also
reasonably suited to the setting up of a controlled atmosphere.
On balance then, a suitably~proportioned

electric, radiant-resistant furnace, say Kanthal-wound with a

temperature range potentially up to 1200°C, would seem to give

some flexibility with respect to testing materials with quite
wide testing temperature differences.

Varying plastic strengths between different
materials and/or differing test conditions need not cause great

difficulty in normal circumstances, because the diameters of
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individual specimens may be adjusted within quite wide limits.
Only with materials of abnormally high plastic strength, or when
small-diameter specimens are unsuitable,would greater torque be
needed, Greater torques could be achieved, however, by accepting
a lower range of strain rates and installing say a 2:1 in-line
drive-speed reduction-gear, when required, provided that the
machine components are made of adequate strength in the first
instance and that provision is made for measuring the increased
torque (i.e. provision should be made for applying and measuring
torques of up to 46Nm).

2.,2,2, Variation in Strain Rate and Strain Duration Times.

According to Table 1, page 21, the maximum

o

strain rate used in research varies up to 180/sec. with a 1:1 3
specimen, but most workers seem to set a limit round a maximum of
20/sec. A reasonable compromise would be to set a maximum of,
say, about 50/sec. with a 1:1 gauge ratio or 16/sec. with a TV :1
ratio at a maximum torque of about 23Nm which seems. about average
for Table 1, On the other hand if, say, a rate of 100/sec. is
required it can be obtained from the 50/sec. system by installing
a 1:2 in-line drive speed multiplier-gear and accepting a reduced
maximum torque of 11.5Nm.

Variation of strain rate must be possible
over the available range, at least in fairly small steps,but.
preferably with infinite variability. For research work a
hydraulic, variable-speed reduction-gear seems a simple,obvious,
choice presenting no problems,

In almost any research prqject strain duration
time could take two forms: (a) a single "purst" of strain over a
given time, or over a given total amount of strain, or %o
fracture, (b) repeated "bursis' of strain of controlled duration,

or specific total amount, alternating with a controlled time
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interwval, i.e, cyclic straining. Start and cut-off would have
to be sharp, particularly with cyclic straining, to give the
necessary selectivity with short times and small.bursts of strain.,
This condition can be met only by an electro-magnetic clutch
system, possibly in conjunction with an electrically—operated
brake, although the latter seems, at first sight, likely to be an
unnecessary refinement in this application. Electronic timing
with wide flexibility of adjustment is essential, but there is a
snag in that, if wide time adjustment is provided, the accuracy
of short tiﬁe setting is poor. . A fair compromise would require
the use of electronic timing devices (one would be needed for
strain duration and one for time-off intérval) with ranges chosen
for what seems likely to be required in the first type of use; to
be readily replacable, if necessary, or to have part of itheir
interior readily changeable to give other desired ranges of
control. The complete timing circuit would have to be eésily
adaptable to single cycle, multiple cyéle, and manual controlyto
suit it both for setting-up and for test running, as reguired.

At high rates of strain,precise control of total
strain may be difficult to obtain on a time basis, In this event
it would seem that an electronic signal taken directly from the
strain-measuring device would be required. This involves a |
significant increase in complexity of circuitry, but it should be
quite feasible if a batch-control type cycle recorder is used for
strain measurement and the batch-complete signal switch preset, is
linked into the strain cut-off side of the strain-duration timer,
which would have to be shorted out when the batch-timer is in use,
The incorporation of a batch-timing circuit raises the cost of a
cycle recorder gquite significantly; so, in the present instance,
it may be necessary to omit this particular facility.

Strain must be measured as accurately as possible
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and sitrain rate should be accurately self-indicating, if possible,
An electronic system is the only sufficiently-rapid, sufficiently-
accurate type, if 2 suitable source can be arranged. In the
present case the machine is likely to be designed to be adaptable
to two torsion heads operating, one at a time, from one coumon
power source, see Section 2.1.2; therefore, the povwer.saurceccauld,
logically and conveniently, lie at right angles to the two heads in
a horizontal T-configuration, with the power source as the stem,
In this situation it is easy to extend the main drive spindle
outside the machine and to provide a convenient signal-generating
system to feed both an indicating strainscounting instrument and a
strain-speed analysing and indicating instrument. (It is unlikely
to be possible to get one, off-the-peg, instrument combining both
these functions). This part of the system is so important, with
respect both to speed of indication and to accuracy, that a
mechanical system would be practically useless; therefore,
electronic instrumentation has to be ﬁsed at a considerable outlay
in capital (about £500 seems likely after a preliminary look at
what is available).

2.2.3, Accuracy of Torsional Load lMeasurement and Variability

in Load Range.

- In making any series of tests in plastic
torsion the torsion load, generated in the tests, is a variable of
primary importénce. The load is bound to vary to some extent
even during the performance of a single test, if only to rise from
zero to its appropriate maximum and then to fall again to zero.
Further variations must occur with imposed change of straining
rate, with changes in the structure of a material occurring during
testing, with different test materials, with change of testing
temperature and with change of specimen diameter. Many of these

changes occur between different tests dbut variations occurring
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actually during a‘test may be of critical importance in some types
of research. Therefore, the measuring system must have not only
static accuracy but dynamic accuracy as well. That is, it must be
"hard“, responding instantaneously and precisely to rapid changes,
vithout extraneous oscillation.

There is only one reasonable solution to this
kind of problem, namely, the use of a load cell of some type in
conjunction with a torque lever-arm, the latter possessing an
inherent rigidity to match the "stiffness" of the load cell. As
a result ofbthis latter requirement the lever, even when suitably
shaped is likely to be relatively heavy, since a normal light-metal,
with its low modulus of elasticity, would give a load deflection
appreciably and undesirably greater-than would a similaxr steel
lever of equal total strength. However, this relatively greater
mass should not give rise to any serious problems of inertial
behaviour, because lever movement would be minimal with a‘“hard"
load cell. At the worst, load cell deflection is mnot likely to
exceed,say,l-jmm at the end of a lever of appreciable length.

HMany load cells are available with linearv
responses accufate to +1%, or better; over their recommended load
range and this accuracy is likely to be quite good enough foxr the
present application. Load cells using resistance strain gauges,
sensing from thin-walled load cylinders or deflecting load beams,
seem likely to be the most suitable types, particularly as
instrumentation is easy to arrange with the a2id of standard
laboratoxry equipment. Deflecting-beam load cell systems are
suited, more pariticularly, to very low load ranges and are the
type most likely to have a large deflection such as that
nentioned above.

If accuracy of torgue measurement is to be

maintained over a wide variation in total load, it is certain
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that more than one load range is desirablejso that, as far as

possible, normal maximum loads are kept to about the third guarter

Ih

of the range, to allow for the odd unexpected peak load and yet to
keep measurement accuracy close enough for research purposes, say
+2%5 of the measured.load. Some variétion can be accommodated by
z2dapting the specimen diameter, once the approximate strength of
a material is known from preliminary trial runs in appropriately
similar test conditionsj but this is not a2 very desirable method.
The choice of load ranges is important,because, although it

mignt quite rightly be said that load cells could be intexrchanged
(2nd indeed provision must be made for this), it is undesirable
that changes should have to be made and recalibration done too
frequently.

Taking into account all these factors, and
keeping economy in mind, it seems reasonable to make provision for
two load ranges covering 0-23Wm and 0-11.5im respectively but
making the 0~23 adaptable for some testing at loads up to 46iim,

see Section 2.2.1.

2.2.4. ®nd-lLoad Measurement and Freedom of End Movement.

Ideally, there should be little or no change
in the length of a cylinder of material undergoing coaxial
plastic torsion; but a change is frequently seen to occur (12).
In some cases the cylinder shortens and in others it lengthens.
Little appears to have been done to study the cause of the change
and the question arises as to whether or not, in the present
instance, it is possible and practicable to provide facilities.

Quite how these effects could be studied in
a plastic ftorsion test, other than by microscopical examination
and measurement of the profiles of sections taken normal to the
spiral ridges, does not seem very clear at this stage, since

anything done to measure the relative magnitude of the total
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axial forces must inevitably change their distribution. A
series of tests with successively increased intensities of axial
restraint, applied in the appropriate direction, seems one
possibility, but the restraint would have to be “floating".
That is having applied a particular axial force the end-~
restraining mechanism would have toﬁgivef at the preset force, as
the length of the specimen changes. Pneumatic and/or hydraulic
application is a fairly simplé possibility, but even this
involves a very significant amount of extra complexity and
expense, which would be difficult to Jjustify at this stage. On
the other hand, if the end of the test bedplate is made of
adeguate length and left free of attachments, there should be
1ittle difficulty in adding‘this facility later.

Taken all round, it seems inappropriate to
provide floating end restraint, but the end of the torsion-
measuring shaft should be provided with a suitable fastening, the
bedplate should be given some increased length, and a load cell
and anchor bracket should be provided so that rigid end-restraint,
with‘or without full end-load measurement, becomes possible.

. Associated both with end-load measurement.
and end-restraint and with end-freedom is the need for the
torsional-load measuring system to be as free as possible to move
axially, without either, (i) imposing uncontrolled end-restraint
on a specimen, (ii) greatly modifying end-load measurement
accuracy, or (iii) modifying torsional-load measuring accuracy.
That is, the torque-measuring head must be made fully floating,
with as 1little friction as»possible, yet it muét be kept as
accurately in linear alignment as possible and as rigidly
torsionally stable as possible,

2.2.5, Provision for Reversal of Straining.

It is difficult to provide facilities for
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reversal of straining during 2 test, not because of any
mechanical difficulty in causing a reversal in the mechanism but
because of the time factor involved in making the change.
Sssentially, change of direction of straining should be as nearly
instantanecus as possible and the.only way in which this can be
ensured, from any conventional form of primary drive system, is to
provide two contra-rotating primary drives and then to engage these
as required, by using electronically-timed electiro-magnetic
clutch switching. A two-input single-output gear-train, free
from both backlash and large inertial effects, is essential.

| In spite of a likely use for a reverse-
straining facility, it would seem that cost would prohibit ifts
provision at this stage; but, since it looks as if a basic T-
configuration layout will be provided,so that two heads could
eventually be operated from one power source, see Section 2.1.2,
it is readily possible, as an alternative, to change the purpose
of the drive provided for the second head and to make it a
‘feed—in for a second primary drive mechanism, complete with motor,
gear and magnetic clutch. It is apparent that, if this is done,
the electric circuitry would have to be adapted to the chznged
purvose, the specimen end-désign would have to be made suitable
for reversed loading, and the torque-load-measuring system would
have to be made two-way. Of these only the last is of any
particular difficulty (It would in fact rule out the use of a
deflecting-beam load cell, since that type is not easily made for
two-way operation).

2.3, Manufacturing Limitations.

Owing both to adninistrative convenience
and cost limitations, see Section 2.4, the machine would have to
be manufactured as far as vossible within the facilities of the

Deparitment of lMetallurgy. This requirement places certzin
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limitations on construction within which 2 practical design has to
te restricted. Such limitations should not, of themselves,
greatly restrict any of the prospective functions of a machine,but
would require the adaptation of the design with respect to the
manner in which each function is attained.

The limitations would apply particularly in
relation to the three factors:- (i) handling and siting within
the Department, (ii) available machining and fitting facilities,
and (iii) maintenance,

2.3.1. Siting a2nd Handling within the Department.

Within the confines of the Department there
are at least four possible laboratory sites on which the testing
machine might be located,so that it wouwld be within easy reach of
the essential range of services,including (a) electric power {three
phase and single phase a.c.), (b) cooling-water supply, (c)
drainage, and (d) compressed air. Unfortunately, not only are
these sites in different laboratories on different floor levels,
none of which is on the same floor level as the machine shop, but
at this stage, it is impossible to say which one might be used, or
even if the site, once chosen, would be permanent. PTherefore,
the construction of the machine must be such that it can readily
be transported from the place of manufacture (the machine shop in
this case) to laboratory site and from site to site. That is, it
must be made in sections, each of a size and weight suitable for
movement up or down stairways and through doors some of which are
limited to 920mm'wide.

Certain likely routes would.require manual
handling in restricted spaces (notably, bends in a staircase);
consequently, the weight of each individual part should not exceed,
say, 100kg, which would also suit handling during manufacture,

see Section 2.,3.2.
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A further limitation is that two of the sites.
have a floor weight restriction of 2001b/ft , but it is not
vigunalized that this will present any difficulty, other than the
provision of a "spreader'" plate, or plates, undexr the feet.

Sectionalization need not be %oo
disadvantageous, since, although it can add appreciably to the
amount of machining, it may make other machining operations simpler,
see Section 2.3%.2.

2.3.2. Manufacturing Facilities.

Hetallurgy Department!s machine shop is well
equipped with precision lathes,'universal milling machines,surface
grinding machines, a cylindrical grinding machine, a shaper, a
power guillotine, a folding machine, welding facilities, including
manual metal-arc, gas—shielded argon-arc and oxyacetylene
processes, and the usual auxiliary equipment. The standard of
craftsmanship is high and a variety of special skills are
available (e.g. instrument-making, die-mzking, precision grinding
and high grade welding). However, the méin emphasis is on very
light engineering, rather than on genexral engineering, so there
are definite limitations both on the bulk of unit part that can bhe
accomnodated in the available machines and on the extent of the
surface area that can be machined on any one part at one setting.

These limitations make it necessary to adopt
modes: of construction, for rather laréer articles such as the
present one, that do not pérmit either the use of an ideal design
or the easy control of overall precision.

On the othexr hand,past experience, with
constfuctions correctly designed to suit these concepts, has proved
that the interest taken by the machine shop technicians in
overcoming the challenge,oresented by such a type of construction .

has resulted in satisfactory products of a very high standard of
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finish and performance,.

Provided that: (i) design details are
proverly controlled and (ii) suitable standard components,available
2% reasonable cosit, are used wherever possible, there is no reason
wny an effectively useful and satisfactory hot torsion testing
machine should not be produced in the machine shop without taking
an excessively long time or at an unreasonably high cost.

2.3.3. Maintenance.

A very dimportant aspec% of any equipment is
‘maintenance, which includes maintenance of operational accuracy
as well as replacement of damaged parts.

In the present case, most of the individual
parts are within the maintenance scope of the machine shop for
making replacements, but many of the parts are likely %o involve
far more machine shop time and delay in individual replacement than
is desirabdle . Preferably, parts should be so designed and
constructed that rapid wear and risk of frequent damage is confined
to details that can be replaced or repaired on site by laboratory
techniciang with their more limited facilities and without undue
delay.

When making hot torsion tests the most likely
zone of wear and damage in a torsion testing machine is at, or near,
the actual test specimen where parts are subject not only to
frequent, occasionally rough, handling, during setting up and
dismantling, but mis$ also go through frequent heating and cooling.
cycles, whilst subjected to stress and risk of spontaneous local
welding between torsion drive-shaft and anchor-shaft ends, adaptors
and specimen ends,

Logically, as many parts as possible should be
of a ruzzed, firmly-supported, design made of high-quality material

so that they are unlikely to fail or wear excessively for a very
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long time. This approach is neither so costly nor so wasteful as
it might seem at first sight, because of the needs for minimizing
undesirable torsional and lateral deflections and for eliminating
undesirable vibrational modes {see Section 4 ), which.also require
fairly massive construction. Thus, several aims can be‘achieved
simultaneously on these lines.

#ith respect to the critical zone, mentioned
above, the common-sense approach is 1o break down the local
construction into a number of relatively small component paris,
easily separable from each other and easily replaced by suitable
similar parts, perhaps kept in stock for the purpose, when wear or
other damage occurs. 0f course, when a potentially unit part is
broken down into component parts in this way, there is grave risk of
loss of accuracy from cunulative errors from the Joints; therefore,
great care is required in the design of these joints. On the
other hand, there is greater facility for adapting the material of
construction of each component part to suit the particular rigours
of its: service.

2.4, Cost Limitations.

Almost every research or development project
in a university department suffers from a restriction of money.
This is particularly true éf a non~-standard project, suca as the
present one, for which there is no specific capital allowance,

The main problem is, usually, to get sufficient capital to provide
the basic equipment, since running costs may often be guite
readily provided, particularly if they are likely to be relatively
small as they should be for a hot torsion machine.

Unfortunately, the capital costs involved in
designing and developing a custom—built machine of this kind are
high. A conservative estimate of the total cost for an outside

body to design and make this machine is £8,000. This sum is out



72

of the question; but £1000 is available which has to cover the
purchase of any standard off-the~shelf components, sny special
instrumentation and any materials of construction. Departmental
machine shop time, provided it does not interfere with the normal
funning of the Department, is not chargeable and, of course, there
are no overhead charges., (1t is oniy fair to say that the likely
cost in technician time will probably be about £2000).

2.4.1. Purchase of 0ff-The~3helf Component Equipment.,

Certain components of equipment, which must be
built into a machine of this kind,are much less costly to buy as
standards than they are to make independently. In addition, the
standard item, because of more experienced manufacture, is likely
to give more efficient and reliable service than an individually
made-up iten. » Included in these components are certain obvious
ones,such as the electrically-powered drive motor, the hydraulic
variable~speed gear, the magnetic clutch, any ball or roller
bearings, pneumatic eguipment and fittings, hydraulic valves and
fittings, electrical switchgear, fuses, relays etc.

In some respects the outlay on these must be
conditioned by the available césh. Thus, if a large proportion of
the capital must be devoted to special instrumentation, see
Section 2.4.2, and some to materials of construction, see Section
2.4.3, the expenditure on components must be confined to the
balance, which may entail limiting not only the capacity of the
machine with respect to power etc. but also the flexibility that is
provided (i.e. by limiting the complexity). As a first guess it
would seem that not more than £350, see Sections 2.4.2. and 2.4.3,
will be available; but, Qithin that 1limit, it should be possible to
provide nearly the capacity and most of thevfacilities commended in

Sections 2.2. and 2,3, In fact, the knowledge of this limit
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controls some of the more arbiftrary decisions already outlined in
those Sections.

2.4.2. Special Instrumentation.

Many types of measuring, récording and
controlliﬁg instruments are available in a metallurgy depértment
for mutual sharing between different research projects and teaching
experiments. An obvious saving can be made in capital outlay by
making use of such of these as are available so that they can be
plugged in or linked up, as and vwhen required. This is not a
particularly hampering decision to make, since a machine of this
kind is extremely unlikely to be operated for actual test purposes
for more than an average‘of 10% of the normal College hours. That
is, instrumentation is unlikely to be required for more than this
time, therefore it is not justifiable to use capital exclusively
for this, in spite of some inconvenience,

| One exception to this might be temperature
control, because heating times may well be far greater thaﬁ test
times, both because of possible delay in attaining temperature and
because much trial and error may be involved in determining
effective heating conditions. As a consequence, it is advisable
to purchase at least one suitable temperature indicator-controller,
costing say £50.

As mentioned in Section 2.2.2, an electronic
revolution counter and a speed indicating analyser are each
essential, but are not normal parts of metallurgy equipment, so
these will have to be purchased for this application,

2.4.3., Materials of Construction.

Most of the parts to be manufacitured in the
Department are likely to be made from mild or low-alloy steel bars
or sections wnich are, almost certainly, likely to be available at

wholesale cost from the Departmental stock maintained in the
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machine shop. In addition, bolts, nuts, etc. may also be drawn
from the same source at suitable cost. In these circumstances the
total cost of materials for such parts is not expected to exceed £40.

However, heat-resisting material will be
required for test piece adaptors, connecting sleeves and other
elevated temperature fittings. The cost of this material can
only be notionally estimated before critical sizes etc., are known,
but £50 seems a reasonable allécation if some allowance is made for

a few spare replacement adaptors and sleeves.
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SPECIFICATION OF QUTLINE DESIGH.

various possibilities for a hot torsion testing machine,

availabiiity of capital, it is now possible to summarize

Having discussed the pros and cons of

the
including

the basic

requirements on vhich an effective design must be based.

This summary must include th

e basic funection,

strain measurement system, torque measurement system, end-load

measurement system, heating and cooling needs, safety aspects,

degree of automati

requirements are 1

on and general layout.

isted in Table 7. Hore spec

The main general

ific comments. ong

and factors determining,the final specifications are considered in

the remaining part

s of this main section.

Related details of

the final design are then considered in the next main section.

TABLE 7.

Summary of main features of design specification,

Function

Limits

Means

Strain rate range

Continuously variable from i
i 1 rev/min up to_970 rev/min

Hydraulic gear

measurement

Power I Max, torque 22.3Nm at 970 Electric Moior
: - lrev/min  2,25%kW (3 h.p.) | - st e o

Straining Preset single straining - Electronic via
control times and up to 10 sec. on t magnetic plate

and 10 sec, off automic clutch

cycling %
Strain 1/100 rev. upward Electronic
measurement ]
Strain rate 1/10 rev, sampling Electronic

o D ey AP o e

Torque measurement

e

0-11.5Nm and 0-22.3Nm
occasional 0-46Nm

P < Ve et e T 1 DL TSt S VT i 4 oy et

Single lever on
electronic load cell

i e ]

Heat control

Cooling

Reverse straining

Duéimsﬁeration

fo-i2505C

End load 0-50011 either way Electronic load
measurement ' cell

. — e .
Heating Temperatures up to 600°C Electric resistance

! normal, 1200°C occasional

Max. rate practicable

Mo provision

‘POSSiBility oni&

Y Pt-Pt. 1% RR

j electronic control

radiant tube
thermocouple

Water spray

-

1

Dual drive output

~ -~ T
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3.1. Basic Functions.

Included in basic functions, apart from the
mode of applying the actual torsion to a specimen,are included (i)
speed range and control, (ii) drive power source, and (iii)control
of test cycle.

3«1.1. Speed range and control.

The basic range of strain rates (up to 20/sec),
recommended in Section 2.2.2.,amounts to a maximum speed of
rotation,at the end of the specimen,of about 1000 rev/min ,with the
possibility of progressive reduction to a minimum speed of,say,
5Q rev/min, without having to change the mechanical set-up of the
machine. Those requirements can be almost perfectly satisfied
by means of a stock-size Carter,hydraulic, variable-speed, gear
box (of either the "F" type or the "M" type menitioned below),
provided that a slight raducﬁion is made in the required maximum
drive speed from 1000 down toq910 rev/min. There is no firm
reason against this reduction so it may be accepted.'

The type "F" box uses a flange-coupled, direct-
drive,electric motorrand the "M® {type uses a top-mounted electric
motor, écting through a belt drive. Although mechanically lés&
efficient and liable to transmit belt "thump", the latter requires
a little less floor space, is less liable to.transmit vibration
from the motor, and is a little cheaper in first cost.

It is proposed that the whole design should be
based on a Carter,Type "M", gear box fitted with a standard speed-
indicating control knob; the actual size of box to be determined
on the power requirements outlined in Section 3.1.2, correlated
with acceptable cost. -

32.1.2. Power Requirements,

1f a Carter Type M14 gear box is used, a motor

rating of 2% kW (3 h.p.) will give a maximum torque output of
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22.3.Nm at speeds from 30 rev/min up to 970 rev/min. This torgue
output is a little lower than that recommended in Section 2.2.2,
(23.8m); but it is thought right to make use of this size of box,
since, %to use the next size up would razise the initial overall
cost by the significant amount of 106, after allowing for the cost
of appropriate associated changes in the drive train, switching etc.

On. its output shaft this drive should be
equipped with a Croft, Type F.E.B, electro-magnetically operated,
mulfi—plate clutch,

The electric motor should be a stanaard 3-phase
a.c, induction type, which, at rglatively low cost, will give an
efficient drive at reasonably constant, reproducible, speed.
The cost of a motor and associated equipment for more precise
control of drive speed would be prohibitive in this application.

As the motor need never be started under load
and as its power rating is quite low, direct-on starting, with
cheap and simple switch—gear is acceptable; but a suitably-delayed
overload cut—out should be included in the switchgear to reduce
the risk of accidental damage to either motor or gear box. This
degree of protection should be necessary only when the gear output
is set for a high speed and either starting on loaq is attempted,
or an unexpected on-load rise in torque demand occurs. AT low
speed settings,acéidental starting on load,or unexpected rise in
torque demand,should cause discomnnection of the drive, say by
failure of a safety shearing pin, before motor-~locad becomes
excessive,

3.1.3. Control of Test Cycle.

To ensure reproducibility of test conditions,
the control of the test cycle must be automated in a reasonably
flexible way,as was discussed in Section 2.2.2. A load cycle is

likely %o be initiated by the manually controlled clesing of an
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electric switch,acting on the electro-magnetically-operated clutch,
whilst the drive motor is running and is likely to be most
effectively completed by preset,antomatic ,timed opening of the same
switch., It must be possible to vary the timing of these operations
in a systematic manner and provision must also be made for
repeated cycles with a systematically adjustable time interval
between then. It must also be possible to override the automatic
fiming by manual control. Two standard Venner electronic #iming
units, each suitable for time settings up to 10 seconds, can
provide these facilities when used in conjunction with a standard
system4of electronic control-button-operators, interlocks,
switches etc. (such as those made by Allen West), interlocked,as
far as possible,to give the degree of safe operation specified in
Section 3,6, The first choice,of 10-seconds-range time
controllers,is made on a purely arbitrary basis aﬁd provision must
be made for easy changing of the maximum rangés of the tiﬁers,

It must be possible at any instant to see,at‘é
glance,the state of the set-up and the stage of a cycle.

3.2, Strain Measurement.

There are two sirain measurements to be.madezb
(i) total torsional strain and (ii) speed of torsional straining'
Both are to be taken from a suitable extensioﬁ of the primaryvdrive
shaft, as suggested in Seétion 2,2.2, for which an éppropriate5
toothed-type,pulse signal generator is fo be devised.

3.2.1. Measurement of Total Sirain.

Several batch-~type,electronic,pulse-counting
devices are available from different makers,none of which appears
to have any particular disadvantages or meriis compared with the
others. Thé Smiths Industrial Ltd.,electronic,single-programme,
4-3digit,vatch counter, with 6~3igit total indicator, is chosen

because it is slightly cheaper than most of its conmnpetitors and
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because it matches with the same firm's rotational speed
indicator, see below.

The counter needs a pulse~type-signal generator,
which is required to indicate %o at least %Sth of a revolution of
the drive shaft. The Smiths Industrial Ltd.,"lMiniature", magnetic
perception head is to be used in this connection, sin&e it is
designed for use with this equipment and can readily be actﬁated

from a suitable pulse generator.

3,2.2. Measurement of Speed of Rotation.

At the time of specification,only one,electronic,
rate~indicating instrument is readily available on the market,
namely the Smiths Industrial 4-digit display, electronic,
rotation~speed indicator, operating from a pulse sensor similar
to that quoted for the total strain indicator. A separate
sensor is needed for the speed indicator, but it may be actuated
simultaneously with the total-strain sensor, from the same
toothed signal-generator; thus, only one signal-generator is
needed for both sensors.

The signal generator, which takes the form of
a toothed, ferro~-magnetic,disc, should have a sufficient number of
teeth to allow indication to %5th of a revolution of the drive
shaft. This means that for each tenth of a revolﬁtion the disc
must give as many pulses as possible for sampling and integration
by the sﬁeed counter. Space does not permit the use of a very
great number of teeth on the generator; probably,about 60 can be
accomnmodated, but this should be sufficient.

(Note:~ Subsequent to placing the order for
this equipment and beginninrg manufacture, other instruments,
which might have been more suitable, came on the market too late
for consideration,e.g. the "Orbital® indicating system with a

phased pole, rotary, pulse generator,which can measure accurately
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to 1/10 rev and indicates speed by measuring the phasing seguence
relative to mains frequency).

3.3, Load Measurement.

It ig desired to be able to measure two types

loacl

of load:(i) torsiona%(and (ii) experimental end~loads.

3.3.1. Measurenent of Torsional Load.

Torgue is to be measured in twd load fanges:(a)
up to 11.5Nm maximum and (b) up to 22.3Nm (nominally 23Nm) normal
maximum, with..fhe possibility of use up to 46lim occasional
maximum, by means of a single-lever system with two lever-ratios,
derived from two suitable attachment pivots on the one lever arm.
The lever-ratios should be at about 100mm and 250mm radius,
;espectively, from the centre of moment,to give (i) simple
conversion from indicated force to torque and (ii) sufficient,
but not excessive, clearance for incorporating the two load cells,

Low—-range torgue measurement is to be.done
with a Coutant,deflecting-beam,load-cell, Type 128,suitable for
loads up to 45¥,acting at about 250mm radius, bearing in mind
that, if reversed torque is ever to be applied,this cell would be
unsuitable.

Maximum—range torque measuremeﬁt is to be
done with a Coutant,reversible,direct—lbaded—cylinder load—dell,
Type ERSO, suitable for loads up to ATON, at 100mm.iadius; This
instrument gives a rather higher possible torque maximum than ié
essential; but, of the various makes and types which wouid aléo bé
suitably interchangeable with the end-load cell,as recommended.
below in Section 3.3.2, this is the nearest in range. |

Coutant instruments are selected because theix
standard sizes come nearest to the present needs and their Tepair
and maintenance facilities appear to be the most effective when

considered relative to the location of the College.
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Within the limits of the machine design, the
load measuring accuracy is to be kept within +2% of the respective,
normal, maximum load ranges.

Bxisting standard Departmental equipment is to
be used to indicate and record the load cell outputbs. Although
only three tracks are likely to be needed in this instance (1 for
torque, 1 for end-load and 1 for temperature) the instrument most
likely to be used is a Southern Instrument Co.,ultra-~violet,
sulti-beam,reflecting galvanometer type, set to record six
channels, simultaneously, on 250mm wide sensitized paper moving at
a calibrated speed of 100mm/sec.

The saddle,vhich carries the torgque-measuring
equipment,is to be made free to float in the axial direction,to
keep restraining end-loads to a minimum.

3e3.24 Measurement of Bnd-Load.

End-load measurement is a speculative venture,
because the likely magnitudes of end-loads are not known.

However, in verbal discussions with'workers in this field, wvalues
up to 500N were mentioned as having been obtained in work,
subsequently discontinued, on rigidly-held test specimens: of sizes
and in materials similar to those likely to be used in the present
application; therefore,provision is to be made for rigid end-load
measurement up to one quarter in excess of this value, namely, to
625N .

A staﬁdard Coutant, reversible, direct-load
cell, the type ER60, maximum load 670N, fits this range quite well
and is sufficiently near to the maximum-torque-range cell
requirements, already indicated in Section 3.3.1, to justify the
use of this same size and type of cell for that application; thus
pfoviding, a% no extra cost, an emergency,spare,torque cell for use

when end-load measurement is not being made.
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3.3.3., Protection of Load Cells.

It is desirable, both to maintain accuracy and
to avoid unnecessary cost, to protect load cells from the danger
of serious overloading.

Because end-load measurement is speculative,
it is not possible, at this stage, to provide overload protection
for that load cell; but the risk should be small since end-loads
are likely to build up gradually and give time for emergency
stopping of an exPerimént before a safe limit is exceeded (Coﬁtant
cells should be able to take 50% overload without‘damage).

However, torque loads can build up suddenly
and protection must, therefore, be provided in the form of
adjustable limit stops acting appropriately on the rofatiohal
movement of the cell-loading lever,

3.4 Thermal Conditions.

Cost prevents the installation, at this first
stage, of more than the cheapest forms of heating and cooling; but
provision, in terms of space and accessibility, is to be made in
the design for subsequent adaptation to moxre efficient systems,

A temperature of 600°C is to be made the'normal maximam for the
initial operations; but, with provision for temperatures up to
1250°¢, A |

3.4.1. Heating.

As considerations of cost are of overriding
importance, the heating system must be of a simple, radiant,
electric~resistance-heating type, using a refractory-tube furnace.
fiickel~-chremium windings round a silica tube should be adequate
for the specified, normal maximum, temperature range and suitable
adjustment of the winding turns will minimize the end-effects.

Control is to be by means of a Zurotherm

temperature controller; type PID, built into the instrument panel,
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suitable for operation from a platinum - platinum.13%% rhodium
thermocouple, to give a provisional control range up to 1600°C and
capable of passing heating currents of up to 20a. A Burotherm
instrument is selected because,(a) it is reliable, (b) this type of
instrument is well known and understood in the Department, and (c)
it requires mirimal provision of associated control eguipment, such
as relays, rheostats etc.

The furnace must be mobile in the axial
direction,to allow for easy setting-up and removal of specimens
and to allow for water quenching of the specimen. For the latter
purpose it is to be automatically moved, at high speed, by a
preumatic piston. Thernal insulation of the fﬁrnace is to be
made as effective as possible, to avoid heat loss and to prevent
overheating and distortion of adjacent parts of the equipment; but
without causing an undesirable increase in the dimensions of the
machine, such as making the bedplate~to-~-axis distance too great.
(The latter change would make the operation of the machine less
stable and, hence, more difficult to control if other related
dimensions were not increased in proportion). Thermal
insulation need not be such a gerious problem with more
sophisticated heating systems, even at much higher temperaiures.
because then the heating can then be kept much more localized (e.g
with electric induction or direct-resistance heating).

The possibility of using a higher~temperature
radiant electric-resistance-heating system, for occasional use at
temperatures higher than 600°C, is to be investigated and the
system incorporated if the costs permit,

Oxidation is to be lessened by making
provision for the use of a controlled atmosphere, to give as much

protection as possible without high cost.
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5+4.2, Cooling.

For metallurgical reasons, rapid cooling is
often required at the close of a test. ¥Many materials will
require water quenching; and vater cooling is therefore, to be
made standard.

Cooling water must not be allowed to
contaminate any part of the equipment, so it is essential that a
suitably designed quenching chamber, that will not hamper other
operations on the machine, must be provided. A reciréulating
system is uhnecessary since the amount of water required is small
and will probably not exceed 5 litres/min for, perhaps, 5 minutes.
at a time with intervals of an hour or more between.
3¢5, Automation.

A high degree of automation is beyond the
cost allocation of the present project, but it is essential to be
able to automate the timing of the test cycle, or cycles,aﬁd it is
essential to automate the guenching sequence to give optimum
efficiency of quenching. It is necessary, also, to interlock
both the automated and the manual operation systems with the
electric power, the water, and the pressure air supplies both for
physical safety, as outlined below in Section 3.6.1, and for the
protection of the equipment.

3.5.1. Timing Sequence.

Electronic operation, based on the use of
trigger pulses, is to be used to give a choice of each of the
following sequences,

(1) Automatic cycling operation. This is to be initiated by manual

closing of the electro-magnetic clutch "start" operator and
give the following sequence. (a) The "start" operator
actuates the strain timer and, simultaneously engages the

electromagnetic drive-clutch switch. (b) At the end of the
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preset straining time,the strain timer actuates the interval
timer and, simultaneously, disengages the drive-clutch switch.
(¢) At the end of the preset time interval,the intérval timer
actuates the strain timer and, simultaﬁeously,‘closes the
drive—cluten switch.,  Sequences (b) (¢) repeat until either
the clutch "stop" operator switch is operated manually or a
"stop" signal pulse is fed in independently from an external
source such as the total strain counter.
The system is to be suitable for connecting-in a bafch—timingA
signal, from the total strain indicator (if the latter is fitted
with a batch timer), in place of the strain timer, so that
stage (b) becomes strain-increment dependent instead of
strain-time dependent.

(2) Automatic single-cycle operation. This is initiated by manual

closing of the electro-magnetic clutch "start" operator. The
"start" operator, simultaneously, actuates the strain timer and
engages the electro-magnetic drive-clutch switch. After the
preset strain time the timer disengages the clutch switch and
the sequence ends until the drive-clutch "start" switch is
closed again, manually.

(3) Manual operation. Manual closing of the drive-clutch "start”

operator initiates straining which continues until the clutch
"stop" operator is opened manually.

The respective time lags on starting and
stopping operations of the electro-magnetic clutch are not to
exceed %Oth second.

If the main drive motor is not running,it

should be made impossible to engage the electro-magnetic clutch.

3.5.2. Quenching Seguence.

¥Manual closure of the "“gquench™ operator switch

should, with a single pulse, simultaneously,switch off the furnace
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and operate an air valve to move the furnace out of the way and
replace it with the gquenching chamber; completion of furnace
movement should close an electric circuit which will open the
cooling water valve,

Absence of water or air pressure should
deenexrgize the system, so as to make it inoperative and leave it
in a safe state.

Return movement of the furnace should be
controlled to a suitably slow speed by a preset air-flow speed-
control valve, actuated by a pulse from the manually operated
"heat" operator switch. The latter should be interlinked +to
ensure that the furnace is not switched on while it is in a
position in which it is heating the toique measuring shaft and
not the specimen,

3.6, Safety.

The apparatus is to be made as safe to operate
as possible,without hampering essential functions.

This requires attention to the safety of
electrical equipment, heated paxrts and dangexous moving.parts.
As much as possible of the manual manipulation required in
operation is to be centred on a height between 900mm and 1m..

3.6.1. Safety From Electrical Hazards.,

£11 electrical equipment is to be propexly
protected against the risk of anyone accidentally touching "live"
parts, against the risk of any accidental shorting likely to
cause fire, and against the ingress of water where that might be
reasonably likely to occur.

Blectrical interlocking is to be used,wherever
possible,to avoid the risk of the accidental creation of a
dangercus situation (e;g. see last paragraph of Section 3.5.2.).
The machine should ﬁfail'safe“ in the event of any unexpected

happening.
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3.6.2. Safety From Heated Paris.

Complete safety from heated parts is not
possibleysince some work must be done in or near exzposed hot
zones when setting up an experiment or removing a broken specimen;
but, for routine operation, an eleciric interlock is to be
incorporated into the design in conjunction with the protective
cover mentioned below.

3.6.3. Safety From Moving Parts.

Normal fixed guards are to be fitted over gears,
drives and other dangerously rotating surfaces. Particular
protection is to be given by a protective cdver, closed manually,
for use during quenching operations. This cover is to be
electrically interlocked with the "“quench" operator switch and
mechanically locked by means pf an electrically interlocked latch
g0 that it cannot be opened during a quenching operation.

3.7 General Requirements.

Apart from general convenience and safety of
layout, provision is to be made for possible future development
with respect to reversed straining, end-load experiments, more
effective heating and dual operation.

3.7.1. Provision for Reversed Straining.

Reversed straining seems, at preseat, to be a
less urgent need and, at this stage, costly provision is not
Justified. .However, if provision is made for dual operations it
will be possible to adapt this to reverse drive purposes, affer
providing modified specimen adapltors and attaching a suitable
duplicate drive mechanism in place of the second test head.

If suitably modified specimen adaptors are
provided, reverse straining is possible from the Carter gear box
control but the reversals would have to be manually set ezach time;

entailing an interval of at least 15 seconds between reversals,
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It is not proposed that modified adaptors be incorporated at

this stage.

5+7«2. Provision Tor ¥nd-Load Experiments,

Provigion is to be made for rigid end-restraint
with optional end-load measurement, and for almost complete end
freedom; but, more complex approaches may be required if that kind
of work is taken up more seriously than at present. Whilst cost
prevents any greater provision for this contingency, it is
logical and practical to provide, in the basic design, an exira
100-150mm on the length of bedplate, extending b.éyond the minimum
length provided for basic end-load measurement and control.

3«7+.3. Provision For More Effective Heating.

At this stage it is not possibie to provide a
more effective heating system; but provision isvto be made for
reasonably generous space in the vicinity of the test'pqsition so’
-£hat»a1ternative heating equipment may be incorporated,

subsequently, when necessary and financially possible.

3+7+4. Provision For Dual Operation.

There ié insufficient money. for a second test
head at this stage, but the design is to-include.provisidn for the
fufure easy attachment of a second head to the‘ﬁain driva fiame,

at 90° to it and at 180° to the first test head on the same axis.
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d. DESIGN OF MACHINE.

Determining Factors in Design.

In a text such as this, when outlining the
determining factors of a design, it is not necessary to reproduce
routine, conventional, standard (2,33) design factors, except
waere these influence a decision to be made on some less standard
aspect of thé design. On the other hand, it is necessary t§
outline those factors, peculiar to the particular situation, which
influence decisions related to:— (i) systems of operation, (ii)
systems of construction, and (iii)lmaximum.working stresses.

Included in these particular factors: are the
following: (a) local availability of electric power, (b)
limitations of machining capacity, (c) effects of automatioﬁ, (a)
influences of stiffnesses and vibrations and (e) frictional

limitations.
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After outlining these in the present Section, consideration is
given in later Sections to particular aspects of the design,

A block diagram of the prospective basic
layout of the machine is given in Fig.17. and appropriate sketches
are included in the subsequent text; but the final assembly and
details are recorded in photographs of drawings TTM 1-13,
included in Appendix A,page

4.1.1. Availability of BElectric Power.

In at least two of the.possible sites for the
machine, elecirical power supply is limited to omne 13A; three—phasa,
four-pin,power point (i.e, there is no neutral line), one 30A
single—-phase, three-pin,power point and two (or more) 13A single-
phase, three—pin,power points. Bach of the relevant single-phase
power points comes from the same common phase. In these
circumstances, at firét sight, the logical approach would seem to
be to use the three-phase supply for the motor drive and the 30A
single-phase supply for both heating power and all control
circuits. However, it is desirable to separate the heating power
circuit from the control circuit to allow alternative heating
systems to be employed, if and when required, without having to
make any alterations to the control circuits. The latter system
is adopted and, as can be seen in the circuit drawing TTM 1.,
Appendix A, the heatingvpower circuit is electrically isolated,
from the other circuits.

Thus, three power inputs are used for the main
machine; one 3-phase and earth, one 30A single-phase and earth and
one 13A single-phase and earth, Ancillary equipment is separately
povered from the spare 13A three~pin point.

4.1.2. Machining Capacity.

Owing to the limited macnining facilities

available in the machine shop, unit parts are kept reasonably small
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so that, as far as possible each individual machining operation

can be done at one setting. Where this is not possible,the design
is modified to permit the use of accurate stock material, such as
bright—-drawn bar, in such a way that it may be hand-fitted to the
necessary degree of accuracy over lengths, or largexr areas, than
can be covered, effectively, by available machining equipment,

4.1.3. Influence of Automation etec.

The essential degree of automation as
outlined in Section 3.1, is not vexry great,but, as indicated in
the circuit diagram TTM 1, the controls, in general, are made
electronic as far as is reasonably practical. This means (i)
that all the selected equipment, such as electrical switchgear,
etc., is of a type suitable for remote control and (ii)mechanisms
such as furnace-moving devices etc.; are fitted with appropriate
mechanically activated microswitching to ensure interconnected
operation,

4.1.4. Stiffness and Vibration.

To ensure accurate operation, free from
backlash and free of undesirable effects from inherent or resonant
vibrations, the construction, particularly of parts subjected to
stress arising directly from the torsion~-applying action, is made
much more robust than simple strength limitations require.

Shafts are of significantly larger diameter, with minimum
diameters catering for a stress safety factor greater, by a factor
of at least 10;1, than the normal minimum safety of 2 on the yield
strength (i.e. 4 on the tensile strengths of normal annealed mild
and low alloy steels)., This higher total factor of 40:1 is an
arbitrary.compromise between the minimum factor and a much higher
factor that would:-

(i) give an excessively massive appearance to the construction,

(ii)add sreatly to the inertial forces in the moving parts, and
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(iii) increase the required machining capacity beyond the
. reasonable range of the machine shop equipment.

The larger sizes given by the compromise high
safety factor have these effects:

(a) torsional rigidity is high and backlash low (see Appendix C),

(v) frequencies of torsional vibrations are high and the chances
of exciting natural, or resonant, vibrations are small (see
Section 4.5),

(¢) transverse vibrational frequencies are high, even while
maintaining bearing centres. at reasonably workable distances,
thus minimizing the chance of- transverse bending vibration,
either from out-of~balance torsional fﬁrces or incidental
vibration from other sources, such as the electric motor (see
Section 4.5.).

4.1.5. Friction.

To maintain the degree of load-measuring
accuracy outlined in Sections 2.2.3%. and 3.3.2. and to keep
power—-loss low, friction is kept to a minimum. This is ensured
by the liberal use of ball and/or roller bearings on all relevant
rotating or other moving parts; but this liberality is tempered by
the need to keep mechanical construction as simple as possible.
4.2, Power Pack.

In approaching the final layout of the design
it is apparent that the power pack is going to have a domiﬁating
influence on the construction.

" There are several reasons for this:-

(i) The power pack is likely to be the bulkiest and mosf awkwardly

shaped part of the siructure.

(ii) The placing and layout of the power pack will determine the

general ease of accessibility, for normal working of the

equipnent,and its adaptability for subsegquent variations in

use.
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(iii) It is likely to be the most difficult part of the
construction to adapt to the available machining facilities.
(iv) Vibration is most likely to originate in.the. power-.pack;
therefore its design requires particular attention from the
beginning.

According to the particular aspéct of
construction and/or prospective operation of the equipment that is
under consideration at any particular time, the relative importance
of these reasons will vary; but, it is logical to base many
decisions on general layout and/or details of design on the
characteristics of the power pack. Therefore it is considered

nere before going into details of the design of the test bed etc.
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The power pack, see Pig.18 and drawing 1TM 2,
consists ofvthe motor, the hydraulic gear box, the electro-
magnetic clutch, the intermediate transmission system between the
cluteh and the gear box (including a safety device against
overload), the drive direction~changing gear box, the engaging
mechanism for the final drive, the support frame and the strain-

measuring system. The last is included in the power~pack aspect
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vecause of convenience of take—-off on the lines discussed in

Section 3.2,

4.2.1. Power Pack Stand.

The pack, Fig.18, is integrated by the stand
(Item 1 Part 1, drawing @TM 4) upon which it is built and which
accommodates the various parts so that the drive alignment is
maintained, by setting the parts at the required working heights.
The stand is rigid enough to be set upon four legs, stiff enough
and suitably placed to be stable, adapted to rigid bolting
attachment of the test frames at right angles to the drive franme,
as indicated in Fig.i? and specified in drawings TTM 4 and 5, and
free of low-frequency transverse vibrations.

To achieve these ends, the whole stand is made
of welded constructibn,based on a rectangular bedplate made of
102mmx S1nm mild steel channel section welded with its open side
facing inwards. On top of the stand, three sets of mounting pads
are welded in positions suitable for bolted attachment of the |
hydraulic gear box, intermediate transmission and the drive
direction~changing gear box == discuésed in Section 4.2.5. From
the limited information available about the electro-magnetic
clutch,it appears that no special mounting is required for this.
(In fact, the output shaft from the clutch turned out to be
unsupported and necessitated the introduction of a small support
bearing for use when using the direct-drive intermediate
ftransmission shaft,Item 18,diawing TTM 8). Bach set of mounting
pads is surface-machined, accurately, (3 individual setting
operations) to maintain the coaxiality of the drive train.

The legs are made of 51mm x Sinm x 6,5mm mild
steel angle, set to splay, sideways, éutwards towards the bottom
and suitably braced with diagonals running between the respective

bottom ends and positions near the midlength of the underside of
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the adjacent long side of the bedplate. The end pairs of legs
lie in the vertical planes of the bedplate ends to take a
transverse angle, welded flange-down between the bottom of each end
pair, for bolting down to the floor, or levelling, if required.

4.2,2. Electro-Magnetic Clutch.

The electro-magnetic clutch, which transmits
the drive directly from. the hydraulic variable-speed gear-box
output shaft, see Fig.18, has its magnetic current commutator
firmly anchored to the gear box end. Its position in the train
of drive is chosen primarily for convenience and cheapness, since:
the gear box can be supplied with the clutch in this position as a
standard fitting. This arrangement may cause some difficulty in
releasing the torsional load.if a speed reducing gear is in use
for speeds less than 30 rev/min,but this is not considered to be a
serious handicap at this stage.

Associated with the clutch is its low-voltage
energy-pack which is placed conveniently close to the clutch,
firmly bolted or screwed on the control-panel side of the stand
bedplate, (If attached to the other side it could, subsequently,
be in the way of the operator of a second test frame when one is
installed).

4.2.%, Intermediate Drive and Safety Dewvice.

The drive train is adaptable,within limits, to
change in the basic ranges of drive speed, or power, subsequently,
in the event of requiring certain test conditions outside the
basic ranges. (There is a minimum speed limit of 30 rev/min on
the output speed of the Carter gear box as well as a top sﬁeed
1imit of 970 rev/min and maximum torque limit of 22.3Nm.)

If a speed change, up or down, is required it
ig achieved within the coaxial alignment of the drive train in an

axial space left for this purpose. It is possible %0 custom-build
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an adaptor gear; but a standard, in-line ("helio-centrid) vibration-
free, gear drive is readily available, made by Sanderson. A
reducing gear is the most likely type to be needed, to give output
speeds down to 1 rev/min; to avoid damage to its output shaft, the
latter must be of sufficient size to take the full amplified
torque from the drive side. Inevitably, this means a relatively
large output-shaft diameter and allowance is made for this in the
design, Ideally, the 1 rev/min minimum speed requires a 30:1
reduction; but the nearest available standard ratio, in the
Sanderson Heliocentric Gear, Type G range, is 50:1 reduction. .
This ratio permits the use of drive speeds down to 0.66. rev/min
(0.011 rev/sec) and makes strain reading and calculation quicker
(speed input setting has to be coordinated with desired output), so
this ratio is adopted. Provision is made for accurately mounting
this particular box on the bedplate, as shown on drawing WTM 4,
but the decision to purchase the reduction gear is to be made
subsequently, when it is clear that it can be afforded. The
speed reducing gear is to be connected into the transmission
system by means of the same couplings described below in relation
to the direct drive coupling shaft.

A simple removable section of transmission
shaft is provided (Item 18,drawing TTH 8) for normal direct
operation without the heliocentric gear. This shaft is made of
low carbon steel (En 3-shearing strength 285N/mm®) with its input
end the same diameter (22mm) as that of the input shaft of the
heliocentric gear and its output end of the same diameter as that
of the output shaft of the gear. The former size makes the input
end safety factor at 22.3Nm torque, only 27:1 but this is
acceptable at this location since it does not affect the overall
stiffness of the machine to a significant extent. On the input

end is fitted a standard removable zinc-base die-cast, spider
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coupling flange, which engages with the matching flange of the
coupling, permanently fitted to the electro-magnetic clutch
output shaft. <“he coupling connection is not of the direct
metal-to~metal type but incorporates 2 neoprene shoék—absorbing
transmission insert. (Note. It was found, subsequently, that
the weight of the transmission shaft insért, acting through the
coupling on to the clutch output shaft, was sufficient to cause
misalignment of the latter and consequent inaccuracy iﬁ the
operation of the clutch. This was overcome by providing a small
steadying bearing,close to the clutch,to support the outside
diameter of the flange of the coupling on the.clutch output shaft,
see note in Section. 4.2.1.)

Between the intermediate drive and the
direction-~changing gear- box input shaft is fitted an overload
safety device, which is described in the next sub~section.

The whole intermediate system is arranged so
that free interchange of shaft insert and reduction gear box is
possible within,say,1$ minutes., This is managed by making the
input coupling-flange free enough to slide right on to the input
shaft end, uﬁtil it eclears its matching flange, and by nmaking the
overload safety device coupling, Item 19, drawing TTM 8, slidable,
on its key,right on to the input shaft (Item 22, drawing ©Ti 8) of
the direction-changing gear box so that an axial clearance of a
few millimetres is left between the clutch-output coupling flange
and the direction~changing gear box input shaft-end.

4.2.4. Overload Safety Device,

The overload safety device is needed to serve

three purposes.
(i) In the event either of seizure of the machine drive in the
direction-changing gear box and its subsequent train, or in

the event of failure of the heating causing a sudden rise in
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torque-demand, it will protect the drive motor, gear box etc.

(ii) In the event of a sudden rise in the torque demand, perhaps
due to heating failure, it will prevent serious damage to
the strain measuring system.

(1ii) In the e#ent of seizure, either in the direction-changing gear
box or in the subsequent train, when a speed-reducing
intermediate gear is in use, it will prevent overloading of
any part of the former system under the excess torque
available from the speed-reduction gear output, as described
in the preceding sub-section.

The form of the safety device is very simple
and is no more than a straightforward, removable, doublé—shearing

pin, see Fig.19, suitably mounted in a slidable coupling sleeve.
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FIG. 19. Overload safety device.

The shearing is set up between the sliding
sleeve (Item 19, drawing TTM 8) and the transmission-~shaft-insert

output end or the intermediate reduction gear output shaft, as

appropriate, through the pin. Thé other end of the coupling
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slides freely; but not loosely, on the direction-changing gear
input shaft and key (Items 18 and 21). A drilled and reamed hole
run accurately through the sleeve and relevant drive shaft end
carries a shearing pin (Item 20, drawing TTM 8). Both sleeve
and drive shaft are of En24 steel,heat-treated to 1GN/m* tensile
strength, hard gnough to provide good shearing edges against the
pin, which is made of a relatively weak material, such as a brass,
in a suitable structural condition (e.g. annealed). The
condition of the pin is important in ensuring a reasonably safe
shearing load; therefore, to ensure that.unsatisfactoryvmaterial,
casually picked up, is not used, the pin has a special shape to
draw attention to this factor. It has a screw thread on an
enlarged end,see Fig.19(b), which should not only draw attention
to the special nature of the pin but provides a means for holding
the pin in position and yet mékes it easy to remove or replace it,
without risk of damage to pin or sleeve, A slot is provided,in
the pin end, for a screw driver. Because shearing failure in
these conditions is somewhat unpredictable, due to the associated
elements of bending and compression deformation, it is not
possible to calculate accurately the exact nature of tﬁe material
required for the pin, Hence, some experimentation is required
to find the correct material. First,estimétes indicate that an
annealed brass should be about right for a torque of about 23Nm,
If, at a later date, a higher torque is to be deliberately applied,
via the intermediate reduction gear, or with a modified drive,
then the pin must be graded up to a high-tensile brass, a phosphor
bronze, or other suitably-stronger materizl.

The maximum shearing stress in the key
(Item 20), at 46lim torque, on the direction-changing gear~box
input shaft is 154/mm*, giving a minimum safety factor of 27:1,

which is ade@uate in this location.
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4.2.5. Direction-Changing Gear Box.

Because the machine is designed with the
facility for adaptation to two test frames, see Fig.17, and easy
adaptation to strain measurement, it has its test-frame axes at
right angles to the primary drive axis, and the final drive is
through a direction-changing gear box,

The choice of gear systems for an application
such as this is limited to three:-

(i) helical spur, (ii) plain bevel, and (iii) spiral bevel.

Helical gears are relati?ely simple in concept,
smooth in operation and not excessively cosily to make, but they
do reguire a significantly large offset between their centres,
either up or down,from one axis to the other. There can also be
an appreciable amount of friction associated with their Opération
and, whilst the friction itself need not be intolerable, it will
vary quite widely and undesirably with wvariation in lubrication.
To offset the adverse effects of such gears, the complexity and
cost of the construction would be raised beyond acceptable
limits; hence this system is ruled out.

Plain bevel gears: are simple and straight-
forward in operation and construction,and are economical in space.
However, drive transmission.thrdugh straight bevels is not
perfectly smooth and there is some risk of chatter from resonant
vibration, If the latter can be controlled or rendered
insignificant,without involving a lot of extra cost, then this
system could be satisfactory in the present instance.

Spiral Eevel gears are considerably more
costly to make than plain bevel gears but greatly reduce the risk
of chatter.

On the whole it is cheaper to use plain bevel

gears, as shown in ¥ig.20, rather than spiral bevel gears, even
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after making allowance for chatter, therefore this system is

incorporated (Item 27, drawing TTM 9).
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FIG. 20. Direction-changing gear box.
Drive shafts running in taper roller
bearings. Section on horizontal axis:

centre.

It is not practical to produce bevel gears in
the departmental workshop so they have to be bought from outside.
The overall gear size has to be kept as small as possible,
consonant with adequate strength and a minimum number of teeth,
but there may not be less than 25 teeth; below this number, the
risk of chatter becomes progressively greater with fewer teeth.
In addition, the tooth pitch should not be excessively large, say
about 3 or 4 module, A commercial gear manufacturer is able to
offer bevel gears, of 3.15 module, with 28 teeth, made in
heat-treated #n9 steel, giving a safety factor of about 7. 'ne
latter is on the low side but is considered satisfactory for the

immediate requirements. If, subsequently, a much higher torque
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is required frequently,these gears would have to be replaced with
others made in stronger material. (A maraging steel will give the
maximum possible strength without having to make changes in the
main construction).

A relatively low safety factor (high working
stress) is acceptable in this particular component,since the
effects of high working stress, on both back lash and vibrational
frequency, are small; that is the maximum amplitude of elastic
deflection of tooth is small and the natural frequency of
vibration is wvery high.

| On the other hand, the most likely main cause
of vibration in the whole machine is the vibration due to slightly .
uneven transmission of load as the latter transfers from one tooth
to the next during gear rotation. This effect is given more
consideration in Sub-Section 4.5.2; |

To avoid undesirable vibration,due .to looseness
in the bearings,the gears must be very firmly and accurately
mounted on their shafts and the respective shafts must. run vexy
accurately and smoothly in their bearings after taking into
- account the noticable outward thrust from the gear teeth. A
nearly ideal solution is adopted for this by using on each gear
shaft a pair of taper-roller bearings, adjusted to give minimum
end-clearance by opposing the tapers: and presetting their
position on the shaft, as shown for the'input shaft in Fig.20.
Skefco taper-roller bearings, for a shaft diameter of 30mm
(maximum.safe load at low speed 20ky) would provide a suitable
minimum size, combining rigidity with adequate low-speed sirength
and low friction'losées. Adjustment to local design sizes
necessitates using slightly larger (and safer) sizes of bearings
(Item 14 and 15, drawing ©TM 3). The drive keys (Item 23) are

stressed Yo the same level as the input drive key mentioned in
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Section 4.2.4.

Lubrication of gears and inner bearings is
nrovided by making the lower gear teeth dip into a bath of
lubricating oil. The taper-roller bearings are packed with
grease on assembly and are provided with ready means for
uncovering and repacking them after a suitable length of service.

An extension shaft is provided on the end of
the input shaft as shown in Fig.20, to carry the rotation forward,
out of the gear box enclosure, for taking off strain measuremenfs
in the manner described in the next sub-section.

Provision of an alternative drive output is
made in the direction-changing gear box at this stage to avoid
the likely high cost that would be involved in a subsequent
modification’to adopt a single-output gear box to drive a second
test head,

4.,2.6, Strain Measurement Drive and Associated Equipment.

To operate the electronic strain-sensing
devices, specified in Section 3.2, pulsed signals,timed from the
main drive shaft,are supplied, For this purpose.a light shaft
extension is added to the direction-changing gear box input shaft,
(Item 22, drawing TTM 8,) to carry it forward through the front of
the gear box and there to drive the generator disec Fig.21. (Item 78,
drawing PTM 11) for activating the pulse sensors. To prevent
unwanted vibration and ensure smooth accurate running the
extension shaft is steadied on a light ball-bearing (Item 77) set
in the gear box cover, item 28, drawing TT¥ 9.

Total strain twisting is to be measurable to an
accuracy of %bth=of a revolution (i.e. to about 0,63 of a radian)
and strain speed is to be sampled over a similar and certainly not

much greater amount of strain. . To satisfy both these conditions
o y

without requiring an excessively large pulse-generating device, it
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is decided to generate 60 pulses/rev and to count up one decimal
point for each 6 pulses (maker's recommendation). With this
pulse frequency, speed saupling can be set for every six pulses,
so that strain rate is indicated eitner once every %bth rev or
once every %th rev, (In initial practice,the maker's claims for
speed sampling do not appear to be met on either six or twelve
. pulse sampling, but this is probably due ‘o inexperienced use of
the equipment),

Separate signals are required for total strain
and for strain rate and these are derived from two separate sensors
picking up from the one generator wheel, on the lines laid down
in Section 3.2.1.

This generator wheel (Item 78, drawing TTM 11)
takes the form of a radially slotted steel disc rotating in the
vertical plane, see Pig.21, with 60"square” teeth equally spaced

around its perifery. The two sensors are mounted on opposite
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FIG. 21. Strain signal generator.
sides of the disc;in line with it on its horizontal central plane,
acrd are each activated as a tooth moves through its inductive
field. “he sensor positions are chosen both to prevent the

sensors projecting beyond itne linits of the front outline of the
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gear box,so that they are given some protection (they'are of very
light construction not suited to rough usage),and to ﬁake it
easier to put a cover over the arrangement.

4.2.,7. Dog=Glutch Mechanism.

It is desirable to provide for positive
disengagement of the drive when making preparations for a test,
so that accidental starting of the motor, or accidental
engagement of the magnetic clutch, when pretesting the speed
output of the variable~speed gear box, does not cause damage or
injury. Also, if, subsequently, a second test-frame is installed.
it is essential to ensure that the drive does not transmit
simultaneously to both sides.

These ends are served by a simple dual dog-~
clutch arrangement controlled by a linked lever system, as shown,
respectively, in Pig. 22 and drawing TTM 2, in such a way that:
(i) only one dog-clutch engages at a time and (ii) there is a
positive intermediate lever position in which neither dog-~clutch
is engaged. Although provision is made, on drawing ™ 1, for
electrical interlocking by means of a microswitch, actuated by the
lever, this interlocking is not considefed to be essential, at. |
this stage, for single-head operations, It is not necesgsary to
use a complicated spring-locking devioe on the lever,since it is
not intended for frequent operations, so a simple locating pin,
inserted and removed by hand, is used and should be quite
satisfactory for all except extremely careless users.

"The dual clutch system is designed into the
initial scheme, in conjunction with the alternative drive
incorporated into the direction-changing gear box of Section 4.2.5,
to save excessively heavy subsequent cost if a second test-head is
added, since the system is then already in a state suited to easy

fitting of the latter.
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FIG.22. Dual dog clutch. Lever locked
on and off by means of a hand~inserted

positioning pin.

The sliding bobbin (Item 30,drawing TTHM 9),
which is the most complex part of each clutéh,is located on the
test-frame side of the drive, but one is not incorporated at. this
stage for the second test-head. This omission helps to keep the
presenf cost of the provision for subsequent adaptation down. to
the lowest possible figure.

The dog-clutches are made of mild steel since
they are not likely to be operated very frequently. Because
reverse straining is not envisaged for the present, wide clearance
is left between the meshing faces of the dogs and the latter are
cut with square driving faces making manufacture simpler and
cluteh engagement easy. (1f, at a later date, reversed
straihing is to ve done the dog faces will have to be tapered
slightly and sized to interlock firmly,in order to stop takeup

and backlash during reversing. )
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Because of the nature of the service of the
dog clutches double key drives are used and the sliding bobbin
keys (Item 31) are stressed only to 10 N/mm* at 46Xm torque,
giving a normal minimum safety factor of 40:1.

4.3, Application of Torsion.

Having determined the main design layout

with respect to the restricfions from the power pack,it is now

possible to decide the details both of the mode of transference

of torsion load to the end of a test specimen and of the system

for anchoring the specimen at the opposite end.

To make an effective torsion. test. it is
necessary that:

(1) the torsion % be applied coaxially,to a suitably standard-
shaped specimen (test piece), in a suitably-controlled manner
through a drive spindle, |

(ii) the resistance to torsion at the restrained end of the test
piece be rigidly coaxial.with the test piece and drive
spindle,

(iii) the torsional;resistance be transferred,in a suitably-
controlled manner, from the specimen back to an effective
torque-measuring systenm,

(iv) any end-thrust on the specimen be reduced to a suitably-low
minimur for testing in an axially-unrestrained state or
else measured against a relatively rigid anchor system,

(v) insertion and removal of a test piece be simple.

Since the tests envisaged here are to be made
at elevated temperature there are two more requirements:

(vi) there must be sufficient space to zccommodate the heating
system,without hampering the insertion or removal of test
piecés,

(vii) the design of the heating system must not affect the
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precision of operation of the machine or the accuracy of
measurement of the torgue.
Bach one of these requirements influences the design and
construction of the test-frame of the machine since this is the
part of the equipment in which the test is actually made.

There are five aspects of this part of the
design that are of immediate interest, namely (a) the design of
the frame in the test area, (b) the means for mounting the dog-
clutch and drive shaft, (c) the mefhod of gripping the specimen,
(d) the system for setting up and dismantling a test and (e) the
system of torque measurement etc. The first four are considered
in the rest of this section and the fifth is given the next main
Section to itself.

4.3,1, Testing FPrame and Stand.

It is necessary in this part of the
equipment to make provision for:
(a) rigid accurate connection of the test frame to the power-pack
frame,
(b) rigid mounting of the torsion-drive dog-clutch and spindlé
mechanisn,
(c) accommodation of a system of floating specimen-anchorage
combined with torque measurement,
(d) accommodation for alternative systems of end-anchorage,
(e) supplementary equipment for heating etc.,
(f) incorporation of the main service~supply panel,
(g) production and assembly within the limited resources of the
Departmental machine shop.
‘"he testing frame must be of a very rigid
construction,both for sitirength and ito eliminate, as far as
possible, any significant twisting or bending deflection, he

likely~level of torsion from the performance of a2 test cannot
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possibly exceed 46Nm,acting over a length not greater than 1m,
Bending moment, in the unlikely extreme case of the'test frame
hanging free on the power-pack frame, will not exceed 2260Nm
from the combined dead weight of the frame, and all i%s
superimposed equipment, plus the possible weight of a heavy man
standing on the outer end whilst the frame is supported only at
the inner end. Using the same size of mild steel channel section,
102mm x 51mm, used for the power-pack frame, welded open-side in,
to form a rebtangular frame,gives an absolute maximum stress in
bending of 27.5N/mm? for the extreme case of cantilever loading
and an absolute maximum hending deflection under extreme
conditions of operation (assuming very poor adjusiment of the
machine's mounting) of 0.032mm. The maximum possible torsional
deflection over the length of the bed is 0.0000114 radians.
These values are all satisfactory for the present use.

Connection to the main frame is by means of
four fitted bolts,but the end of the test frame (Item 1, Part 2
drawing TTM 5) also registers on a machined support shoulder on
the power~pack frame (Item 1, Part 1 drawing TTi 4) so that,
under normal conditions, the bolts have to take only incidental,
horizontally-transverse,shearing loads since the shoulder takes
all vertical shearing from the weight and any other downward
loading on that end of the test frame. The arrangement also
greatly simplifies manufacture by providing a positive, self-
supporting, location between the frames. All the bolts have to
do is to maintain positive uniform contact between the respective
frame contact faces and sustain any small tensile forces that may
be set up in addition to transverse shearing. In this connection
it is important that the test frame should be firmly supported at
the outward end to prevent the setting up of cantilever loading

on the bolts. However, should the full possible cantilever
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loading, as outlined above, be accidentally applied, say in
moving the machine, the maximum stress in the mild steel bolts
due to the cantilevering should not exceed 25H/mm?, which is
anply safe. |

The shaft bracket, or countershaft block,
(Item 3, drawing TTM 6) is positively and rigidly located, on its
accurately-machined base, against accurately-machined pad faces
on the test frame, by means of four bolts.

The whole system is adapted to provide
accurate guide-ways for the floating,specimen—anchoring,platform
etc. within the available machining facilities.

‘Fairly accurate,guided,movement is required
over about 1.125m of the test-bed length and very accurate guidance
is required.for about 0.4m in the middle of the right hand half of
the bed,for the torsion block, item 4, drawing TTM T.. The less:
accurate guidance is required for movement of the furnace base
and guenching chamber base (Item 8, drawing TTM 6,and item 9,
drawing TTH 8). The required accuracy is obtained by using twé
bright—-drawn, rectangular,steel bars as guide rails (Item 7,
drawing TTH.7) each mounted on a bright-drawn,rectangular,steel
support base (Item 6) which in turn is set upon suitable pads on
the test bed frame,as shown in Fig.23. The pads are machined,vas
accurately as possible, in three machine settings: and the
respective support bars are then set on their pads and packed up
exactly level by means of shims,item 71 (not drawn), inserted
where a pad support falls short. The guide rails are now
accurately clamped down in position on top of the steel supports,
within the limits of accuracy stated in Section 4.3%3.3, the fitted-
screw holes are accurately reamed through the rail assembly and into
the frame, a2fter which the fastening holes are tapped; then the

rails are fastened down with fitted screws, item 72, drawing
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TTHM 11. Vertical setting is governed by the support-bar setting
and the horizontal setting is maintained by the fitted screws.
0f course, both rails and supports are accurately trued

longitudinally, preferably within +0.01mm before setting up.
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FIG. 23. System for obtaining accurately
true guide rails with limited machining

facilities.

End anchorage of the specimen anchor
torsion bar, item 40, drawing TTM 9, is accommodated by‘using an
anchor thrust block, item 5, drawing TTH 7, which locates on the .
guide rails and may be friction clamped in position.

The main service-supply and servo-control
pahei is fitted under the testing bed,to the rear of and between
ihe two inner support-leg frames,as already shown in Fig.16,p.57,
which, at their front faces, slope back from the front towards
the bottom to give knee and foot clearance as required in Section
2.1.3.(iv).

4.%.2. Dog-Clutch, Drive Shaft and Specimen Adaptation.

The dog-clutch mechanism is outlined in
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Section 4.2.7. and the relevant bracket on the test-bed frame is
nentioned in Section 4.2.1. On the test-bed side of the clutch
the main driven shaft, item 35, drawing TTHM 9, is carried in the
bracket item 3, with the sliding clutch bobbin, item 30, drawing
TTH 9, suitably keyed to its projeciting input end and with the
test piece adapting system items 37 and 39, drawing TTM 9, fitting
on its projecting output end. The shaft is accurately aligned
and held on itwo opposed,Skefco:;giler bearings (Items 14 and 15)
of more than adequate strength and set to keep friction low,
without permitting more than about 0,025mm end pléy relative to
the test-~bed.

‘he drive shaft is 46mm in maximum diameter
and 30mm minimum effective diameter, giving a maximum shearing
stress of 8.55/mm* at a torque of 23Nm. This stress has an
overall safety factor of 54:1 and is rather higher than the
minimum recommended in Section 4.1.1. because (ij sizes have been
kept up near to the minimum ball-bearing sizes, indicated in
Section 4.2.5, and (ii) some extra allowance is made on the sizes
at the output end to take care of any accidental overheating
wnilst under load, |

The means used for connecting a test
specimen into the system is an important aspect of the design
vhich must take account of: (a) the need for accurate alignment
between the driving adaptors and the "anchoring” adaptors, (b) the
likely elevated temperature of the equipment near to the specimen
end (c) the high cost of heat resisting materials. Points (b) and
(c) are important for tests made at over 600°C and particularly
inportant for tests made at temperatures exceeding 1000°C,

‘o accommodate these requirements,within the
budget as far as possible, the system is divided into three parts

on each end of the test specimen, namely, a shaft, a good quality
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heat-resisting adaptor for the shaft and a very good quality neat-
resisting adaptor nut between the adaptor and the specimen; thus
allowing progressively more suitable materials to be used as the
elevated femperature zone is approached. Alignment is important;
therefore, as can be seen for example on the output end of the
driven shaft, item 35, drawing TTHM 9, a No.4 FMorse taper is provided,
on each shaft end adjacent to the specimen, to give rigid, accurate,
alignment to each respective adaptor, item 37, drawing TTM 9.
The Morse taper not only allows.for accurate rigid alignment but
alsd provides a ready means for safe, simple, fitting and removal of
its relevant adaptor, without risk of damage to adaptor or machine,
Removal of the adaptor is effected, without shock or impact, by
means of a suitable wedge actuated by a standard portable hydraulic
jack acting against the resistance of a specifically desigﬁed and
manufactured adaptor claw, The claw is not detailed in the torsion
machine drawings since its design relates primarily to the jack,
which is a standard workshop type with a screwed attachment system
for retaining fittings.

4.%3.3. Specimen and Specimens Grip System.

Although there is no one standard size or form
of torsion test piece (see Table 1) and‘although likely
approximations are suggested in sSection 2.1.1, it is desirable, at
this stage, to formulate more precise requirements upon which to base
specimen adaptation.

The system considered most suitable is baged
on a2 maximum size of test piece having a gauge diameter of 13mm,
shoulder length (see Fig.4, p.21.) of approximately 4Omm, blending
radius of 3mm and with 1in diameter 5.S.F. screwed ends, of type (a)
¥ig.3, p.19. This design is sélected because both of the threaded
ends can be machined, in one machine setting, in conjunction with the

gausze cylinder, thus ensuring perfect coaxiality in the specimen.
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In addition, the specimen ends can readily be machined accurately-
square with the body so that they will drive uniformly against the
adaptor drive end face, without causing any deflection of the
specimen, thus, the rigid requirements for the specimen accuracy,
in keeping with the need for accurate torsional loading, see below,
can be met without too much difficulty. Adaptor nuts, item 39,
drawing TTi 9, provide for the maximum~sized specimen buf other
adaptors will have to be made if other sizes are to be tested.

It is essential, (i) for the maintenance of
accuracy of application of torsional straining, (ii) to avoid side
thrust at the test piece position, where the spindles (Items-35
and 40) are most susceptible to deflection because of their long
overhang, and (iii) to stop unwanted wvibration, that eccentricity of
loading and/or axial misalignment should be avoided. Kccentricity
of loading is likely 1o be the worst individual cause of trouble
since the side thrust at the specimen could be about 82N for
0.05mm eccentricity and about 320N for O.5mm eccentricity, each at
23Nm torque. The former eccentricity error would be well within
the absorption capacity of the machine and would have negligible
influence on the indicated torque (0.112Nm max.). Hence,
concentricity at the specimen must be kept within +0.05mm and
preferably better. This necessitates provision of means for
adjustment of one of the spindles relative to the other and item
40 is obviously more suited to give this adjustment, since it is
already mounted on a "floating" carriage (Item 4, drawing TTM 7).
Overall axial alignment is not quite so critical and is easier to
control; but,if concentricity is to be maintained on the floating
spindle, it is essential that the axial alignment of its guide
rails should be gooé. the guide rails are to be parallel to the
drive spindle axis and to each other within 4+0.0%mm, or better,

over 0.5m of the outer length of the rails (The tighter limit is
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needed to allow for leverage effect between the torsion block
slide, item 4,and the end of the spindle,item 40, see section
4.3.1. for the means for attaining this accuracy).
The specimen is to be gripped at each end by
means of two adaptors (Items 37 and 39,drawing TTM 9) acting through

adaptor nuts {(Item 39) as shown in Fig.24. rnach adaptor is

FIG. 24. specimen grip system. Plain

screwed end test piece.
esentially, a Morse taper sleeve with an accurately squared outer
end, against which the specimen end thrusis, and, adjacent to the
end, an accurately-threaded nipple (jin B.S;F. thread) for the
adaptor nut which serves to adapt “the sleeve nipple thread to the
specimen thread, This system is adopted so that (i) the larger
sleeve may be made of a cheapexr heat resisting allgy thaa the
adaptor nut and {ii) a change in specimen end size does not
involve replacemeﬁt.of 8 massively costly part. The adaptor is
made of Nimonic T5 and the nut of Nimonic 105, which are the
highest-service~temperature, strongest, machinable, heat resisting
materials readily available on the market {(Incidentally these
materials cost £70, £20 more than estimated {see section 2.4.3.)
ovwing to the firm's (Henry Wiggins) minimum charge levy for small
quantitiesj. The juﬂctions between the adaptor nuts and the
adaptor sleeves and the relevant spindles will act as minor heat

barriers. It is appreciated that a small measure of accuracy is
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lost by using'the dual adaptor system; but, machining is
simplified, cost should have been reduced, cost of maintenance is
lowered and, cost of change of specimen size is reduced.

It is not possible to keep high factors of
safety in the adaptors at high testing temperatures‘in the close
vieinity of the specimen. Iindeed, there is great uncertainty
regarding the real strengths of iiimonie 75 and 105 at temperatures
over 1000°C, since even the 105 is not recommended for use at
temperatures much over this, The shearing stress. in the nipple
end of item 35 is 20.9N/mm*, at 46Nm torque, against a quoted
shearing strength of 56N/mm*, at 1000°C, so this is very near the
minimum safe limit at this temperature. However, it should be
reasonably safe if 23Nm torque is not exceeded. On the same
basis the Nimonic 105, the stronger material (it's quoted strength
at 1000°C is 112N/mm?*), should just be safe at 1250°C if 23Nm
torque is not exceeded. Owing to the heat sink effect of the
spindles, see Section 1.2.4, it is expected that the temperature
of the Nimonic 75 will not, in general, exceed 1000°C when the
liimonic 105 is at, or near 1300°C.

One danger, which must be guarded against at
elevated temperatures, is the risk of solid~phase welding between
specimen and adaptor, or between adaptors. To prevent this, it is;
recommended that the adaptor contact surfaces should be‘at least
partially oxidized before use and also coated with a suitable high
tenperature parting compound, such és Rocol ¥Anti-Stick® fluid
spray.

Conversely, to prevent the rlorse taper coming
loose under any axial tension during a test, a spring retaining
pin, item 38, is fitted near the end of each adaptor remote‘frdm

the test specimen,
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4.3,4. Setting~Up For a Test.

Preparation of the apparatus for a test is
simple. the furnace is moved to its exitreme right hand position,.
it is then uncoupled from the quenching chamber (by rempving the
locking pin (Item 10, drawing TTM 7) and the chamber is pushed as
far as it will go to the left; the appropriate screwed adaptors
can now be fitted to the spindle ends. ‘the end-anchor bracket ,
item 5, is unclamped (if it was previously engaged) and the
torsion~block assembly is pushed outwards, to permit insertion of
the specimen,iwhich may then be screwed right. into whichever
adaptor is most convenient. After this the torque measuring head
may be carefully pushed back until contact is‘made between the free
end of the specimen and the remaining adaptor. Gentle pressure
on the measuring head combined with. appropriate manual rofation.of
the drive spindle (a clear space is left on the spindle, between
the bearings, for this purpose) can now be used to gain full
engagement of the specimen. to the point at which it is tight
between the adaptor thrust faces., It only remains to return. the
quenching chamber to its original position, to lock it on to the
furnace and then to clamp the end-anchor if it. is %o be used.

After setting the torque measuring equipment,
setting the furnace in its heat position, and setting the furnace -
temperature control, the specimen may be heated preparatory %o
testing.

Removal of an unbroken specimen is achieved
by reversing this procedure. The parts of a broken specimen are
just as simple to remove,unless one end has jammed into the holder.
if an énd is.firmly jammed it may be released by partially
unscréwing the threaded adaptor,on which flats are provided for thé
purpose.

More details of sequence are given in
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Appendix B.

4.4. Torque Resistance and Load iieasurement.

o enable torque to be applied to a specimen
the latter must be firmly anchored at its"outer" endj but, also,
in this case,(2) the torque resistance must be measured with
reasonable accuracy, (b) it must be possible to leave the
specimen end axially unrestrained (That is, the torque-measuring
system itself must be free to "float" in the axial direction) and
(¢) it must be possible to anchor the specimen's end axially and,
if required measure the direction and magnitude of any end load
that may be built up.

These aims ;re achieved (i) by mounting the
anchor or torque shaft, item 40, with its specimen adaptor system,
on a sliding saddle (torsion block,item 4) which is designed both
to run on and be guided by ball bearings acting against the guide
rails ,ené (ii)'by mounting the torque-measuring lever, load cells
etc. entirely on this saddle and (iii) by making provision for an
independent end clamp stand with a load-cell link.

The general arrangement is as shown on
drawing TTM 2.

4.4.1., Anchor Spindle and Specimen Fastening.

The adaptation of the specimen to the anchor
shaft spindle is by the means outlined in Section. 4.3.%. using
items 37, 38 and 39. "he anchor spindle or torsion shaft,item 40,
drawing TTM 9,is of the same robust construction and material as
the driven shaft, item 35, and is mounted in a similar way in a
similar pair of taper roller bearings; butl, primarily because of
its purpose, there are differences.

between the bearings is mounted the torque
lever, item 41, drawing WTi 10. the torque from the spindle is

taken through a single key, stressed in shearing to a maximum
=]
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intensity of 15N/mm* at 46im torque, acting within a closely
fitting sleeve incorporated as the body of the lever. The
lever is made up of low carbon steel (En}) sections,integrated by
metal-arc welding,with two effective lever lengths of 100 and
250mm, respectively, and incorporating an accurately-balanced
counterpoise weight to eliminate any out-of-balance torque from
the lever's own weight. On the outer end of the shaft there is
a small fork-end and a pivot pin for attaching, at will, the end-
load measuring cell{for type and size see Section 3.3.2.) which,
at its other end is pinned to item 5.

The shaft, item 40, is drilled out €mm
diameter co-axially from its inner end to a point beyond the
torque lever where a radially drilled,6émm diameter,hole and
associated hose nipple meet the central hole to form an entry
passage fof a suitable gas to be passed into the heating chamber
when the latter is in position. The adaptor, item 37 and
adaptor nut, item 39, at the anchor end of the specimen are
appropriately grooved and/or drilled to assist the passage of the
gas. If a light flexible plastic gas supply pipe is used to feed
in the gas, the pipe has an almost undetectable effect on. the
torque load measurement.

Yhe mass of the torque shaft and lever,
plus attachments, is about 7Tkg and the maximum frictional effect
of this weight on the bearings, in terms of torque should be
0.175Nm, allowance for which can be made in the measurements. of
torque load, but the actual value should be checked experimentally
at intervals, since its value depends to some extent on the
accuraéj of setting of the taper roller bearings, (Experimental
value,at first setting,found to be 0.15Nm).

A groove is provided along the top side of

the shaft on its projecting inner end,and along the top side of
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the relevant adaptor,to carry a pair of thermocouple wires, in
their insulating sleeves, up to the specimen position. Such
vwires do not affect torque measurement if they are kept free to
flex where they join the spindle near the bearing.

4.4.2. Torsional Load }Measuring Saddle.

Item 4, drawing TTM 7, the torsion block,
or torque-measuring saddle,is fabricated from low carbon steel
plate by arc welding. It is made more strongly than simple
strength requires to ensure that it remains undistorted when any
normal working load is applied to it. Its main function is to
act as a firm frame between (i) the bearing housings, (ii) the
support and guide ball-bearings, and (iii) the load cell mountings.

The principle of its operation is shown in #ig.25. At rest the
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FIG. 25. YTorgque saddle block wiewed

from specimen side.
saddle sits down in face-to-face contact on the top of the rail in
the left ih the figure and at the right if rides on the two
support ball bearings (Item 12) which themselves rest on the right
hand rail. In this position the three reaction ball bearings
{(Item 12} are set by adjustment of the eccentric spindle (Item 472)

to be only just in contact with the under side of the left hand
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rail. The four guide ball bearings (Item 13) are adjusted
relative to the inner sides of the rails,by means of eccentric
pins (Item 47b), so that (a) the saddle is accurately and
co~axially aligned with the driven spindle and rails, and (D)
slight but equal positive contact is made between each beariﬁg
and its adjacent rail side face. this latter setting, in
conjunction with the accurate set-up of the.rails, discussed in
Section 4.3%3.1, ensures accurate and quite free axial movement of
the saddle, During a test the applied torque will tend to 1ift
the left hand side of the saddle against. the reactioﬁ ball
bearings on its under side and press it a little more heavily
down on the right hand support ball bearings,thus freeing the
saddle from contact friction on the top of the left hand rail.
(Note. This system was chosen to minimize the number of ball
bearings and to keep manufacturing complexity to a miniﬁum; but,
while it proved satisfactory with slow heating up of the specimen,
it applied too much off-load restraint to a rapidly-heating
specimen, causing the latter to bend slightly. This iestraining
effect was overcome by supporting the left-hand side,in Fig. 25,0n
the rail-top through two additional,suitably placed,low friction.'
adjustable PTFE pads, so reducing the axial no-load restraini to
about 5N).

At a full 46 Nm torque the torque thrust on
each rail (up on the left hand side and down on the right) is
218N plus the downward weight thrust of the saddle of 130N on the
right side only. In the fully floating position, under this
maximum torsion, the total frictional end load is not expected
to exceed 30N,

The saddle is adapted to take a Coutant 128
and a Coutant BER60 load cell, respectively at the maximum and

minimum leverage positions, and is fitted with individual
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adjustment and connection for each adaptation, There is also an
adjustable limiting and/or locking attachment, items 45 and 46,
drawing 4TM 10, at a suitable position over the lever arm for use
to prevent overloading of a cell during operation of a test and to
prevent accidental damage to a cell during setting-up etc.,with the
cells connected up in position. Electrical connection to the
cells is by loose-hanging screened cables which do not interfere
with load measurement.

4.4.3. Torsional Load Measuring System.

As outlined,in. Section 3.3.1. and
immediately above, two load cells are incorporated for measuring
torsional forces; namely a Coutant 128 foxr loads up to 45N at 250mm
radius and a Coutant ER60 for loads up to 670N at 100mm radius.
That is, torque ranges of 0-11.25Hm and O0-67Nm are covered,although
it is not intended that the latter should be used beyond 46Nm,

The cells remaiﬁ “permanently" in. position,
anchored to the saddle; but, at any given time, only one is
connected to the lever by inserting its connecting pin into the
linkage.

The smaller cell is connected rigidly to .-
the underside of the saddle by suitable screws and is connected to
the lever through a flexible cable and linking fork,item 42,
drawing TTM 9. The cable lies free and clear of the lever when
it is disconnected, The larger cell sits on an adjustable
resting collar, item 51, drawing TTH 10,when not in use (set to
prevent it tipping over and jamming the lever) and remains linked
40 the saddle bélow by a swivelling fork, item 49, drawing TTM 10,
and pin, item 43%b, drawing TTM 9; itvis connected into a slot in
the lever through its eye and a connecting‘pin, item 43a.

4.4.4. Bnd Load Control and rieasurement.

At the present stage only two things may be
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done on the machine with respect to end load; (a) the end may be
left free, and (b) the end may be fixed. the first requires no
special provision, but the second needs»an adjustable swivelling
connection between the torque shaft, item 40, and the anchor block,
item 5. +his connection is provided by a2 fork, item 70, drawing
TTHM 11, which may be twisted to a suitable position in item 5 and
then clamped in place. Connection is cbmpleted through a Coutant
ER60 load cell and two pins, item 43a.

PTo discomnect the end fixing, the pin between
the cell and the shaft is removed and the cell is left resting on
the support bracket,supplied for the purpose on item 5.

When the end load cell is in use the
toréional flexibility in its connecting links and pins is
sufficient to accommodate the very small angular displacement of the
torsion lever, as it deflects the operative torsional load ceil,
without spoiling the accuracy of either torsional load measurement
or end load measurement.

4.5 Deflection and Vibration.

To ensure accuracy and consistency in
applying torsional strains and to obtain accurate load values,
after making the system itself accurate, it is important to
eliminate all external potential sources of variation and error.
Probably, the most likely sources of erior are deflection and
¥ibration in the machine.

Wherever force is applied deflection must
take place and all that can be done is, (i) to keep the
deflections to the lowest sensibly-possible magnitude, and (ii)
control their nature to maintain concentricity of behaviour and
aligpment. Because some critical sources of trouble are outside
the designer's control there is also a limit to what can be done

1o ensure absence of vibration,
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In the latter context, control may be
exercised over the sources likely to operate from the actual
mechanism; but, if the stimulation comes from irregular structural
behaviour of the specimen, say from “sawtooth” or "see-saw®
plastic yielding, then all that the designer can hope to do is to
try and allow for its occurence and to absoxrb it. Two approaches
may be used: (a) to keep the natural resonating frequencies in the
machine very high so that resonance from the low-frequency sources.
of the machine and from fhe,probably,low—frequency excitation of
uneven yielding of the specimen is unlikely, and (b) keep the
moving parts of the machine that act directly on the specimen.
relatively massi&e so that they will absorb high-frequency
changes in movement and damp them out.

Fortunately, both ends can be approached
simultaneously, without either too much difficulty or with too
adverse effects on the final appearance and the cost of
construction, by designing the component parts to be inherently
rigid and relatively massive and this approach is used in the
present application.

4.5.1. DLikely Causes of Deflection.

There are five likely causes of heflection
in a mechanism such as a torsion testing machine.
(i) The torsional forces.
(ii) The Bead-weight of structure and equipment and, in particular,
of mobile paxrts.
(iii)Axial forces set up by torsional straining of sfecimens.
(iv) Inefficient integration of the machine assembly.

{i) Torsional forces begin in the main frame at the power source,

an electric motor in this instance, and transmnit right through the
drive train, thence to the specimen and finally back to the frame

through the torsional-load measuring systen. At the motor there
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is the basic torsion, arising from reaction between the motox's
magnetic coils and the squirrel cage armature, which transmits
itgelf through the variable-speed gearbox and forward irto the
drive train by reaction against the power-pack frame through the
gear case. the reacfion resolves itself into a torsional couple

plus a direct thrust reaction, see Fig;26. In this case the
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FIG. 26. Reaction couple and side reaction
from the motor drive end of the power

pack frame.
couple,which has a maximum moment of 23Nm at the gearbox output,
reacts:on:fhe channelled side members of the power-pack frame,
That is, there is a compressive downward force of 109N on the
left-hand channel, an equal vertical pull on the right-hand
channel and an equally-shared total side thrust of 135N acting
towards the right in the top flanges of the channelé.

The torsional force in the drive system
has no further effect on the frame until a speed or direction
change is attempted (In this context the final “anchoring® of
the specimen is a speed change to zero). Thexre is a possible

speed change situation just before the direction-changing gearbox
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and, of course, a direction change at the direction-changing
gearbox, each of which may react on the power-pack frame.
lieglecting speed change for the moment, the direction change will
set up 2 couple and side thrust in the end of the frame throuzh
the direction-changing gearbox the directions of which are
determined by the particular direction of subsequent transmission.
In the present case with the single torsion head, there is a
downward thrust on the input shaft bearing and an upward thrust on
the output shaft.beéring. the force in each case being 524N at
23Nm torque and 1047N at 46Nm torque,respectively. The side
thrusts will be horizontally to the left at the input side,at the
frame surface,and their magnitudes will be 135N and 278N,
respectively. This will be associated with an equal side thrﬁst
on the output bearing, ?ushing back parallel to the input shaft.

The difference in magnitude between the
primary side thrust at 23Nm. torque and that at the direction-
changing input shaft at 46Nm represents; the side thrust that would
be set up at a speed-reducing gear used to increase the torque
from 23Nm.

In a similar manner the torque and reactions
acting in the test bed frame, item 1, Part 2, will operate as
indicated in Fig.27 with the drive end rigidly held by the power
pack frame and the maximum equivalent length depending on the
extreme position of the torque~measuring head, item 4 etc, ‘'he
maximum equivalent length (L) is unlikely ever to exceed 1100mm.
These forces, in particular, are the ones most likely to cause
harmful deflection in the torque-applying mechanism; therefore
their effects are considered heie in a little more detail.

the torsional rigidity of the test bed frame
is very difficult to calculate because it depends on a number of

variable or ill-defined effects, such as the stiffening influence
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?IG. 27. ‘the forces acting on the test bed
frame. Values in brackets are those set

up when max. high torque loading is applied.
of the superimposed guide rails (Items & and 7), the influence of
cross-bracing from the webs, supporit members etc., and incidental
brécing derived from the design and mode of fastening of the: frame
stand. Howewer, if the extreme case is represented by considering
the channel members. as if they are acting in isolation from these
other influences and if the deflection situation, then given, is
acceptable, then the true state of affairs. will obéiously be much
better. |

It will be noted that the side thrust is
acting on the tops of the channel members and tending to twist them
in the opposite direction to the basic couple; thus the normal
maximum resultant torque is:-
23 - (135 x 0.05)Nm
= 15.55im, clockwise

and the occasional maximum resultant torque is:-
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46 - (306 x 0.05)Nm
= 30.7Nm, anti-clockwise
The polar second moment of area (J) of the pair of channels is:-
J = 47.04 x 106 mm 4
Hence (from 6 = %%, vhere ©® is the angle of twist in radians, G is
the shear modulus - 84.9 x 10°N/mm?®, L is the axial length -
1100mm, and P is the torque) the respective maximum.angles-of
elastic twist are 4,28 x 10-'6 and 8.46 x 10—6'radians.

These angles give relative lateral
horizontal axial displacements. of 0.00096. and 0.00$19mm,
respectively, at the drive aXié over the 1100mm length but these
are reduced slightly to 0.00095 and 0.00189%mm by the simultanecus
bending moments (24.03Nm and 54.5Nm) caused by the respective side
thrusts.

iven the maximum of these deflections is
safely acceptable, therefore the design is completely safe from
this aspect.

(ii) Dead-weight forces, under normal circumstances, should cause

no significant deflections in critical parts of the machine
structure.

If it is assumed that both manufacture and
installation are correctly effected, the only dead~weight problem
will arise from the mass of the torgue-measuring head acting
downwards on the test frame rails, However, the test frame item
1, Part 2, is adequately and firmly suppo:ted at four points, with
a relatively short unsupported span of 525mm, located below the
normal position of the térque measuring head, giving an absolute.
maximum deflection of 0.03mn. between the drive and anchor axes.

In general, due to the overhang of the anchor spindle, item 36,
and the likely, slight, uptilt of that overhang due to the sag

from the bending deflection, see below, which tends to cancel the
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direct displacement, the true deflection at the specimen.position
will be less, see FPig.28. (i.e. the total deflection effect is

likely to result in a very slight, negligidle, angular bending in
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FIG. 28, Deflection in the test bed frame
caused by the dead weight of the torque-
measuring system and the axial pull from

a contracting specimen.
the specimen rather than a more severe local eccentricity of
alignment and this effect will be aided by the essential,
although small, clearances that have to be left on the torque-
measuring saddle guides). If specimen length increases during a
test, deflecting efforts could be additive, as mentioned below in
relation to axial forces.

(iii) Axial forces, set up by plastic torsional strain in a test

specimen, will not normally be transmitted to the machine
structure if the torque-measuring saddle is axially unrestrained.
On the other hand, if end-restraint is applied, a cantilever
moment in the appropriate direction will transmit to the frame,
see Fig.28. The likely magnitude of the activating force is
completely unknown but may be as much as 500N, as suggeg§ted in
Section 3.3.2, and this may impose a significaﬁt bending'moment of
162Nm in the central vertical plane of the frame. Using item 5

as designed, this moment could give a deflection of 0.0014mm in



130
the end segment of the frame, additive to the dead-weight

deflection (see above) if the axial force is contractive and
subtractive if the force is expansive. These amounts of
deflection might just be sufficient to cause some uncertainty
concerning the exact plastic behaviour of the specimens which
generate them; torsional load-measuring accuracy may fall off by a
relatively small unpredictable amount when this situation arises
and some allowance may have to be made for it in assessing
:esults. After making some completely arbitrary assunptions

with respect to the likely flexibility within the equipment, it is
the writer's opinion that this particular error could not

possibly exceed +1%, but it could be additive to other sources of
error., If work of similar accuracy to the planned normal
torsional work is to be done, whilst restraining the axial end
movement of the specimen, the end anchorage system might have to
be modified a little.to reduce the amount of bending deflection it
causes.>

(iv) Inefficient integration of the machine assembly is always a

possibility, particularly if grips etc. have to be changed
frequently; but any distortion that is caused can readily be
detected if a procedure of freqﬁent,simple,alignment testing is
performed. Provided that test pieces are accurately made,they may
themselves make a useful test of alignment. Any such test piece
that, for no apparent reason, proves difficult to insert in the
machine should be treated as an indicator of misalignment and a
proper alignment test should be made immediately.  If these simple
precautions are taken it is unlikely that deflection caused by
inefficient assembly will escape undetected.

4.5.2. Likely Causes of Vibration.

There are not many sources of vibration in

the system and those that are present tend to be of low frequency.
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The prime source of vibration is the
electric motor. Very few electric motors are perfectly free of
vibration, which is most commonly transverse in nature, caused by
very slight out-of-balancé masses in the rotor. This vibration
at the frequency of rotation, about 23,6Hz, transmits to the frame
of the motor»through the bearings and thence to adjacent pérts
with which the frames may be connected (in this case the hydraulic
variable-speed gear and-thence to the power-pack frame). This
source shpuld not result in significant vibration in the torque
drive because such vibration should not transmit through a V-belt
drive even if it is.significantly present in the form of torque
variation. Provided thét~it does not set ﬁp any serious resonant
vibrations in critical parts of the machine, vibration from the
motor should do no harm and could be positively helpful in
reducing or eliminating uneven frictional behaviour in sliding
and rotating parts (e.g. in the load measuring head) during a test
by reducing "stiqtion". (ggig. " It was found subsequently that
motor vibration did tend to interfere with the recording of load
readings from the low-range load cell and a change in the drive
system as indicated in drawing TTM 13, had‘to be made to offset
this).

Another possible source of vibration exists
in the transmission system,in the direction-changing gearbox,due
to vibration from the gear teeth, as already mentioned in Section
4.2.5. This source, although of low energy, can be more directly
serious than the motor vibration, with respect to actual test
conditions, if it is allowed to set up resonant vibration. The
frequency of excitation varies with the speed of rotation and,
since there are 28 teeth it would be 28 times the revolutions per
second. Hence in normal itesting the frequeﬁcy could wary from

0 up to 454Haz.
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This excitation could react in two ways:-

(i) 1t could resonate with the natural torsional vibrations
of the transmission system.

(ii) By its reaction through the bearings it could resonate with
the natural transverse bending vibrations of machine frame
and thence of the drive train. | |

The results of calculations of the basic
values of natural frequencies are given in Appendix C and the
following conclusions can be drawn from these.

(a) Resonant torsional vibration is unlikely because the maximum

excitation frequency is well below the minimuh resonating
frequency.

(b) Transverse vibration in the drive train is unlikely because

its minimum frequency is high and damping from the integration

system is high (e.g. in the system of interlocking of items
37, 39 and 40).
(¢) Transverse vibration in many of the machine frame members is.

unlikely because the minimum resonant frequencies are too

high. In the other members, where resonance might be posgsible,

either the part is too remote from the source of excitation to

be likely tq resonate or it is subported in the construction
in such a manner that either heavy damping is present or the
natural frequency is modified to a safe level.

There are two other possible causes of
vibration, each of which arises from the deformation of the test
specimen. |

If the alignment between the two adaptors,
which grip the specimen,is not reasonably correct,a side thrust

will be generated in the specimen and,if there is any excessive

freedon of lateral movement, in items 35, 37, 39 or 40, the gauge

length of the specimen could start to "hunt", by buckling and
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twisting on itself, at a frequency equal to the freguency of
rotation; thus transmitting to the system transverse vibration at
the same frequency. This is not likely to resonate any part of
the machine system but it could seriously upset both the
consistency of straining and the accuracy of torsional load
measurement. Alignment should be kept better'than 4+0.05mm, for
which the maximuﬁ side thrust would be 82N at 23Nm torque, see
Section 4.3.3. This side load would react on each of the
relevant guide roller bearings, item 13, with a maximum force of
528N ,therefore ,these guide roller bearings must be set with no
freedom for either side movement or vertical movement so that any
oscillations from this source are effectively absorbed.

The last possible source of vibration may
arise from the inherent behaviour of the materiel under test.
If the material work-hardens or yields in "bursts", in "see-saw”
straining, it may generate a vibration which might cause
resonance, On the whole it is unlikely that serious resonance
could occur from this cause, since the exciting frequency would
almost certainly be too low and the specimen, in itself, should
provide a damping mechanism sufficient to prev¥ent transmission
into machine vibration. This source is, therefore, disregarded.

4.6, Heating and Cooling System.

If metallurgical studies of internal
structure are to be made of material after it has undergone
plastic deformation at elevated temperature, it is essential that
the temperature should be brought down to a metastable level as
rapidly as possible. That is, immediately a straining test is
completed the specimen should be quenched. These basic
requirements and the cost limitations upon them are outlined in
the Sgection 3.4, and Sub-section 3.5.2.

A radiant-resistor tube furnace is to be
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used and is to have facilities for rapid_axial movement of the
furnace over such a distance that its place can be taken by a
Juenching system suitable for effective quenching of the specimen,
It is a logical step to couple the furnace to the quenching
chamber in such a way that they may be separable ahd moveable
independently or may be made to move simultaneously during the
automatic quenching sequence.

There are, therefore, three interdependent
aspects to this part of the design:— (a) furnace and quenchiﬁgr
chamber movement, (b) furnace design and (c) quenching chamber
design.

4.6.1, Furnace and Quenching Chamber Movement,

Several alternative systems might be used to
cause movement of the furnace and quenching chamber assembly,
including (i) manual power, (ii) gravitational force from a
counterpoise weight, (iii) hydraulic power, (iv) electrical power
and (v) pneumatic power.

| Of these the first two are too slow and
uncertain, both in beginning to operate and in performance; the
third is too messy and slow in operation and the fourth is too
complex and inflexible, if cost is to be limited. Taken overall,
pneumatic power is likely to be the most efficient and adaptable,
within the allowable expenditure. Othexr workers have also found
this kind of system satisfactory (21).

Pneumatic powver is simple to.instal and an
air supply at 45p.s.i. is available. (The 1atte§.~ poind is not
very important because the volume of air used is not likely to be
great and an air boittle supply could have been used through a
regulating,reducing,valve).

Activation of the system is to be electronic,

therefore,there nust be an air pressure switch interlock on this
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part of the system. This is fitted in the side of the airline
that comes into operation to move the furnace into the heating
position, see drawing TTM 1.

A standard 50mm diameter air cylindexr and
piston,with a stroke of 205mm and cushioned stroke ends
(A. Schrader's Son Ltd.,),is used since this givés a potential
thrust of 610N at 45p.s.i. sufficient to give the furnace and
quenching chamber assembly (mass approximately 10kg) an
acceleration of about 6.2m/sec?. Each end of the air cylinder is
fitted with an air speed control #alve,bvahich speed of movement
in either direction may be adjusted; so that the power stroke
speed may be adjusted to a suitabie value (6.2m/seczacceleration
is high for most purposes, since the full stroke is then likely to
be completed in 1%4s.) and the return stroke, for safety reasons,
must be at a suitably slow speed. This arrangement may entail a
compromise between the speeds,because, for cheapness and
simplicity, a 4-way, soleniod—operated, balanced—poppet wvalve is
the air activation source and the respective two cylinder end
openings serve alternatively as entry and exhaust port according
to direction of stroke. Direction of movement is controlled
from the balanced-poppet valve by an electrical pulse to the
appropriate solenoid which moves the poppet into the required
position and leaves it there. There is, probably, a delay of about
+s before full air pressure builds up in the cylinder end, thus
giving a possible minimum complete working stroke time of about 1%s.
The working stroke is activated through the "quench" button
operator (for location see item 1, Part 2, drawing TTM 5) and the
return stroke through the "furnace positn' heat" button operator,
see drawing TTM 3.

The cylinder is bolted in suspension below

the guide rails,on a flange extension provided on the countershaft
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block, item 3, drawing 7TM 6, and the piston rod end is pinned to
the bottom drive arm, provided on the furnace base, item 8,
drawing TTH 6.

4.6.2, Furnace Design,

A basic,tubular,radiant-resistor.
construction is specified for the furnace, see Section 3.4.1.
The clearance of bore of the tube must be 50mm minimum, to clear
the outside diameter (46mm) of the shafts and specimen adaptors |
items 35, 37 and 39. A silica tube,suitablj wound on the
outside with nickel-chromium resistor wire,would suffice for many
heating purposes,but the maximum temperature attainable would
probably not exceed 1000°C and it would need a long time to reach
a stable temperature, both because the nickel-chromium elements.
cannot be heated much above 1100°C and because the heat losses are
high, as commented on in Section 2.2.1. However, Kanthal-wound
furnace tubes are available in certain standard sizes. One, in
particular, of 3kW rating with a minimum inside diameter of 70mm
and a tube length of about 200mm,would offer the possibility of
attaining temperatures up to 1300°C, although adnittedly with
some difficulty. These Kanthal furnace tubes have thelr windings
suspended inside the bore; therefore, because direct radiant
heating is possible, they are more efficient than the normal
externally~wound nickel-chromium type. Hence, heating efficiency
should be higher éhd heat lossés lower than with Ni. Cr. windings.,
even although the radiation gap is increased by 10mm on each side,
beyond that width of gap which a conventionally wound tube bore
would give. This improvement will be achieved, provided that the
extra exposed areas at the tube ends are suitably enclosed, in
spite of the fact that the windings cannot be locally concenirated
at the tube ends to offset the local temperature drops caused by

the rapid loss of heat outwards through the shaft ends.



137

One disadvantage is that the cross-sectional
area of the element strip is large and its resistance is low,
therefore currents up to 30A are needed. This may entail the use
of a suitable 3kVW, low voltage output, transforme: to step down
the mains voltage; but it should be possible to provide this
from Departmental equipment. |

Taking these factors into account, a Kanthal
type REH~S-B 7-30 tube element, giving a heated zone of length
175mm, is adopted (see item 56(a), drawing TTM 10). To seal the
end opening as far as possible, this tube is used in conjunction
with two end spacing.and centreing rings (Items 56b), suitably made
up from suitable alumina cement, cast in a specially-made wooden
former. The rings are also designed to accommodate expansion.
and contraction of the tube element. The element is encased in a
6émm thick, 205mm diameter bore, asbestos tube, item 55, clamped
between suitably braced Sindanyo ends, item 53, with the heat
insulating space (52mm on each side) inside the asbestos tube
packed with shaped, heat resisting heat-insulating, foamed-slag
bricks. A junction box is attached, outside the case, and a
thimble tube, item 58, is provided so that the furnace-control
thermocouple may be located close to the windings. This assembly
is mounted on the guided furnace base, item 8, drawing TTM 6,
leaving a 12mm airgap between the casing side and the base.
The furnace base slides on its plane, gnder side, face against the
tops of the guide rails, item 7, drawing TTM 7, and is retained on
them and guided against their two outer sides by the guide ribs,
item 11a. There is an axial projecting tongue on the end of
the base,appropriate for interlocking with a matching recess
in the quenching chamber base, item 9, drawing TTH 8, and a
driving arm projects below the base through the gap between the

guide rails with its end aligned with, and pin-jointed to the



138
piston rod end as it projects from the air cylinder.

Power and thermocouple connections are made
through insulated flexible wire connecting links hanging in a loop,
in the clear space provided for the purpose, behind the guide rails,
vhence they are led up to the control panel,which is part of the
back of item 1, Part 2, drawings TTH 5 and 6.

A controlled atmosphere may be maintained in
the furnace by feeding in a suitable gas, in appropriate quantities,
by way of the gas passage in item 40.

4,.6.3. Quenching Chamber Design.

The guenching chamber is made up from a
Perspex tube (Item 63), which incorporates a suitable,tangential,
drain exit, clamped between brass ends, items 61 and 62, drawing
™M 11, into whicﬂ?is sealed by O-rings, all mounted on the
sliding base, item 9. The base slides on,and is guided against,
the guide rails,item 7, by means of its flat base and guide ribs,
iten 11b. A matching socket is provided to receive the
intexrlocking tongue on the furﬁace base end, which is retained in
position by means of the locking pin, item 10. A microswitch,in
the quenching chamber base,senses the presence of the furnace
tongue in the corxect position and completes the return line of
the guenching cifcuit,which cannoi operate unless this switch is
closed.

Water can be introduced through a pipe at
the back of the chamber-end, item 61, through a free hanging loop
of 12mm dia. borxre flexible hase. The water distributes to two
parallel jet blocks, item 67, drawing TTH 11, which are set one
above the specimen, and one eguidistant below the specimen each
directed towards it from a position parallel to it,lying along
the vertical plane of its axis. The end jéts overlap the

adaptor nuts, which have to be cooled at the same time as the
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specimen, if the specimen is not to reheat from themn. A guide
plate, item 68, is fitted transversely in the chamber to steady the
jet blocks and to guide the surplus water into the drain hole,from
which the water may then be led,through a large-bore, freely-hanging,
flexible tube into any suitably adjacent drain.

The cooling water is admitted through an
Ether, solenoid-operated, valve,which may be activated by a
sultably positioned microswitch when the chamber is in the quench
position,after having been moved there by the furnace. This same
microswitch, simultaneously, cuts off the furnace heating cgrrent
so that the furnace does not overheat the torsion shaft,over which
it is then sitting.

Escape of water past the specimen adaptors,
during quenching,is prevented (i) by the controlled directionality
of the jets, (ii) by the smooth rapid escape of water,out to the
drain,preventing a rise in level in the chamber, (iii) by the
axially-long,small,annular spaces through which such escape has to
take place and (iv) by the entrapping groove inset into the chamber
sleeves. (Item 66, drawing TTM 11),within the annular space.

The minimum effectiveness of the proposed
jet system was verified by means of an experimental mock-up, before
finalizing the deSign.

4.6.4. Safety Cover and Interlock.

An important part of the design, from the
aspect of operating safety, is the safety cover, item 79, drawing
T 12, and its interlocking safety catch systém {Items 81, 82 etc.)

Vhen the gquenching sequence, outlined in
Section 4.6.3, is operated, the furnace assembly (see Section 4.6.2,)
and quenching chamber assembly move axially to the right, in unison,
over a distance of about 205mm, in approximately 1% seconds, with

considerable force; thus creating a situation of some danger to the
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operator if he gets in the way.

In addition, the furnace case will get very
hot when higher temperatures of test are in use, possibly reaching
200°C at the maximum test temperature of 1250°C, creating a very
real risk of skin-burning to the operator.

Taking these dangers together,a simple way
out is to shroud the system in such a way that the opefator is kept
élear of the danger zone in normal working conditions and endangers
himself only if he does something extremely foolish. On. the other
hand,it is desirable that the operator should (i) be able to see
what is going on,a=d (1i) be able to remove the cover easily,for
access when setting and dismantling, and (iii) be unable to remove
the cover when the dangers are present.

These ends are attained by using a metal-
framed cover, item 79, so designed with a traﬁsParent plastic
window, item 80, that there is a large clear area between the
operator's position and the test area, permitting an unimpeded view
of the furnace, quenching chamber etc. The frame is so fitted
that a simple forward pull,and slight 1ift,will unhook it from its
front pivot sockets, item 86, and free it from the machine.

Because item 81 incorporates a microswitch (see drawing TTH 1)
interlinked with the quench system,through the interlock
microswiteh mentioned in Section 4.6.3, the two projecting arms at
the back of the frame must engage the safety catches, items 81 and
82, and be locked properly in position bj operating the clamp axle,
item 83, before the quench system can be activated.

When other systems of heating, which do not
require a separate gquenching chamber (e.g. h.f. induction heating),
are in use then the safety cover need not be used,but the safety
cover microswitch will then need to be shorted out if,the turning

on of quenching water is to be controlled electrically.
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4.7. Control and Operation.

Individual details of certain stages of
manipulation and operation of the machine have been given,
incidentally,in the text when considered necessary g% describing
the design approach to the relevant parts. Flost other details of
operation are a matter of common sense in the light of common
practice; hence,it is thought unneceséary to provide a detailed
commentary on operational procedure in the present instance.»

However, an operator's guide to operational

sequence has been prepared and a copy is reproduced in Appendix B.
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APPENDIX A,

ASSEMBLY AND DETAIL DRAWINGS OF TORSION TESYTING MACHINE.

Drawings TTM 1 -~ 13 photographically reproduced to 1/Sth size,

Note., Dimensions are in English measure because the Departmental

machine shop has not yet switched to metric measure.
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APPENDIK B.

SEQUENCE OF OPERATION.

3.1. Preparatory

Connect in the appropriate load cell, or

cells if end load is also to be measured.

B.2. To insert t.p.

(1)

(ii)

(iii)

(iv)
(v)

(vi)

(vii)

(viii)

(ix)

(=)

(xi)

(xii)

Ensure that power, air and water are off and that the
torque arm is clamped, then disengage the dog clutch.
Remove the pin between quench chamber and furnace.

3lide the furnace to the extreme right and the quench
chamber to the extreme left.

Unclamp the end-load measuring block

Slide the right hand torsion head assembly whichever way
is needed.

#it the screwed adaptors (Items 39, drawings 9TM 2 and 3).
With the r.h. assembly a litile to the right, screw the
r.h, end of the t.p. firﬁly into the r.h. adaptor.

Slide the r.h, assembly gently towards the left and start
the 1.h. end of the t.p. into the 1l.h, adaptor by ‘
rotating the l.h., spindle with the left hand,from between
the two bearings next to the dog clutch. Screw the t.p.
firmly home.

Check that the end load-measuring device is either:(a)
completely disconnected and c¢lear, if no end-load
restraint is to be applied, or (D) thaf it is propexrly
engaged, with zero load applied, and firmly clamped,

Push the furnace back to the left and engage the pin .
connection with the quenching chamber.

Re—-engage the dog clutch.

Release the torgque arm clamp and set it to prevent the
torque load cell being overloaded more than 20; over its

normal maximum range.
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B.3. fo remove t.p.

(i)

(ii)

(iii)

(iv)

Cut off power, air and water, clamp the torque arm and
disengage the dog clutch,

Separate the quench chamber and the furnace. (Kormally,
if a test has been made, the furnace will be in the

quench position,so the guench chamber will have to be
moved to the left.)

Slacken the end-load measuring dewvice,

If the specimen is unbroken, pull the r.h. assembly to the
right whilst unscrewing with the l.h. spindle. Unscrew
the unreleased end by hand. If the t.p. is broken

unscrew each half independently by hand.

B.4. To operate a test.

(1)

(ii)

(1if)

(iv)

(v)

(vi)

Proceed as (2) to insert the t.p. and prepare for the
start.

Switch on single phase current {panel light should shoﬁ)
and press 'furnace position' ‘'heat' button (this is
important to ensure that the air control wvalve is
properly set. — see Note, below.)

Turn on first the air and then the water (panel lights
should show).

Set the furnace temperature control and press the 'furnace
live' button (furnace panel light should show).

Let the furnace reach temperaturev(furnace warning light
will begin to go out for increasing periods: as control
temperature is reached).

Select the appropriate strain timing circuit ('manual' or
tautomatic!) and'single', or 'repeat' cycling system

when ‘'automatic' is engaged, and allow the circuit to warm
up {1-2 minutes).,  Set the appropriate cycle times as

relevant.
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(vii) Press the 'clutch live' button. If 'manual is engaged
straining will start immediately and continue with the
clutch light showing until the !clutch stop' button is
pressed; if 'auto' is engaged ndthing will happen until
the 'cycle start' button is pressed. ihe latter
operation will give either only one-cycle of strain
~operation,if 'single cycle' is éngaged,or it will give
continuous cycling, if 'repeat' is engaged, until the
'clutch stop! button is pressed. lote that, if single
cyciing is engaged, single cycles may be repeated at will
by pressing the ‘cycle start’ button as long as the

'clutch. stop' button is not pressed.. This latter system

is intended primarily for setting purposes and it could

be dangerous to leave the clutch potentially active when

not using single cycling.

Auxiliary recording systems (e.g. u.v.
recorder) may be interlinked with the clutch circuit for
automatic starting or they may be switched on manually at
an appropriate time, for continuous operation.

(viii) Close the safety cover.

(ix) Wnen straining is complete, press the 'clutch stop'button
and immediately press the 'furnace position' 'quench®
button. whe quench button will not operate until the
clutch stop button has been pressed and the cover is
closed.

(x) Allow quenching to continue as long as required for
cooling, then turn off the water, press‘the t furnace off?
and 'furnace position' heat buttons and open the cover.,

(xi) Clamp the torque arm.

{xii) Proceed as (3) to remove t.p.
liote:

The main solencid-operated air valve is a
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'balanced' vzlve which will stay in its last—-operated position
when the machine is switched off; therefore, before turning on the
air~pressure always operate the 'furnace position' 'heat' button
(see 4(iii)). If this is not done and the furnace is in the 'heat®
position with the valve in the ‘quench’ position, as air is turned
on. the furnace will be shot violently into the *quench' position

without the protective cover being in position. Normally the

furnace will not move to the ‘quench' position if the cover is not

in place.
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APPENDIX C.

SOME CALCULATIONS RELATING TO MACHINE COMPONENT STRENGTH,

VIBRATION ETC.

C.1. Some Calculations Relating to Strengths of Particular

Comnponenis.

The calculations that are given in this Section
refer either to some feature of design that is outside the normal
elastic design approach or to some aspect of special importance.
The section is divided into sub-sections each of which deals with
an individual component as indicated in the heading.

There are three aspects of the calcuiations.

{i}) Calculations based on stiffness under the normal maximum
torque of 23Nm which require a safety factor of about 40:1
on the strength of the material

(ii) Calculations based on compromise stiffness under the
occasional maximum of 46Nm torque with a safeiy factor of
about 20:1 on the sirength of the material.

(iii) Calculations of working stresses in components not restricted

by need for stiffness, where the safety factor may be quite
low,perhaps as low as 4:1.

Celel. Taper Rollexr Bearings Items 14 and 15.

Pach main shaft in the direction-changing gear
box and the torque measuring head is to run on itwo accurately
opposed taper roller bearings. For reasons of fitting etc. one of
each pair has to be slightly larger than the other. DPreliminary
study of makers' safe load values showed that a bearing of 30mm
bore should be just about satisfactory; but it is logical to play
safe so the minimum size of the pair was chosen as 35mm (standard
Skéfco bearings increase in 5mm steps on shaft diameter) which is

safely capable of taking a maximum static load of 26kN against a
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radial gear load of 622N x shaft leverage of about 1.5:1 maximum.
i.e. a total radial load of 933N. This gives a safety factor of
27.5 against the maximum static safe load and greater factors on
safe rotating load sttengths (within certain limits load bearing
capacity increases with increasing speed of rotation). Since
the reserve factor on breaking is certainly at least 2:1 this
brings the safety factor on breaking to,at the very least, 55:1
for direct radizl load,which is well above the equivalent
required minimum wvalue for the shafts at 23Nm torque,

However, there is also the question of the
possible additionzl axial load of 500N from axial contraction or
expansién of the test specimen,

Equivalent radial load from axial thrust P,
is: YP, where Y is an arbitrary thrust factor derived from
makers' experience., Y in this case is quoted as 1.55

Hence,possible equivalent additional radial load
= 500 x 1.55
= 7758
Giving a total max., radial load, at.23Nm.torque, of 1708N,

say 1.7kN which would bring the absolute minimum total factor
down to 27 or 13.B on the maximum safe static loads. This is
still satisfactory, both for normal use at 23Nm and for regular
use at 46Mm torque (6.8 reserve on:. the makers maximum safe static
load) sihce the strengths of théfcomponents do not afféct the
rigidity of the machine and there is advantage in keeping such
components as light as possihle, consonant with effective
operation of the machine,to reduce frictioh to the minimum.
possible value,

Cuele2. Mitre Gear Key Item 23,

7he key is 6.%mm wide by 31.7mm e

effective length at the mean radius of 15,8mm.
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.+ Shearing force under 23Hm torgue

23 x 10°
- 15.8
= 1456N
. Shearing stress = 1456
6.3 x 31.7

The shearing ‘strength of the key material
would be at least 300N/mm* (rather low in fact) but even this gives
a minimum safety factor of 41:1.

Cet.3, Mitre Geér, Ttem 27.

Standard gear formulae relate to gears
intended for continuous long-duration operation at full working
load; but, in this application, operation is very intermittent
and durations are likely to be very shori, therefore,arsimpler
design approach may be used. The maximum torqgue may be related
to the stress developed in a single tooth and a2 correction factor
added 4ds considered necessary.

The maximum‘force at the average pitch radius

(3Tmm) of the gear under a torque of 23Hm

_ 23 x 10°
- 37

622N

1l

average depth of tooth below pitch line
=4mm

.» B.M. at tooth root

4 x 622
10

Nm

= 2,5Nm approx.
Average thickness of tooth &t root
= 3.82mm
lengtn of tooth



157

fiominal average modulus of section of the root of the tooth

2
% x 21.8 x 3.82

= 53mm>
o Max., normal stress in static bending

5 09

~r
— N

53
47 .30 /mn*

But this should be adjusted upwards to allow for the effects

of velocity.

‘ihe standard empirical formula is;-—
> _ 183 + (V x 60)

m: 183 S where Q, = nominal max. dynamic stress.

0; = staiic mai. stress
Y = max. velocity in m/s at the max.
pitch radius

The maximum speed of rotation is 18 rev/s giving a maximum velocity,

at the maximum pitch radius of 44.4mm,of 5.022 n/s.

© o - 183+ (5.022 x 60) x 47.3
** m T 183

2,65 x 47.3
1258 /mn®

If the gear material is En9 steel,heat

It

treated to 900M/mm* tensile strength,this gives a safety factor of
7.2 which should be quite adequate; particularly, as the

deflection of a gear tooth at the max, nofmal working stress will
not add significantly to the total deflection and the frequency of
resonant vibration of the tooth. will be so high thatvit is unlikely
to respond to any source within the system.

Should the machine be operated at 46Nﬁ.the
safety factor will fall to 3.6. "his is too near the 1limit for
frequent operation at this level but should be just about adequate
for occasionzl use.

It is adviséble to check the max. shearing
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stress in 2 tooth.

622

Direct shearing stress 21.8 x 3.82

]

= 7.5N/mm® at 23Nm torque

.- PMax. resultant shearing stress

J7.5° +(1225
= __6_1N/mmz

This gives a safety factor of 8:1 which is

Just a little more adequate than the tensile safety factor.

Celede Lorque ‘iransmission Shafts. Items 35 and 40 (Shaftslbetween

strain measuring system and torque measuring system).
These two shafts are made from En24 steel
(Range 53;0.Q. 830°C; tempered 650 - 700°C) with a tensile strength
of 750 N/mn® and shearing strength of 500 N/mm®. |
To give a minimum safety factor of 40:1 on
the sizes of these shafts,at temperatures up to about 400°C§%3Nm;

torque ,the maximum stress should not be more: than:

200 _
4 -

12,5N/mm*
which requires a minimum diameter <€ 22mm.

These shafts have to be mounted in the. taper
roller bearings, items 14 and 15, (see C.1.1.),with internal
diameters: of 35mm.and-40mm,respectively,so there is an adequate
range for working sizes greater than the minimum,

It is not expected that the temperatures: of
the shaft ends,near the hot zone,will rise above 400°C,sobtheré

should be no loss of stiffness or safety from this cause.

C.1.5. Torque Arm Ttem 41.

The arm has two leverage points: one at
100mm from the pivoi centre and one at 250mm from the pivot centre,
| Within the 100mm radius the maximum bending
load will be governed, normally, by the 23Nm forque or:

sccasionally by the 46Nm torgue; but,outside the 100mm radius the
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maximum working torgue will be 11.5Nm.

hus, where the arm meets the central boss it

will be subjected to a bending moment

Mo =V X_@_Q__—__I‘)Hm where ¥

100

M40 »

= torque and

r = rad. of central boss
= 25mn
S M, (normal maximum) = 19.5Nm
and M,,, (occasional maximumj} = 39Nm

Maximum permissible tensile stress at normal safety factor 40:1

= 5%% (the arm is made of mild steel)
e Zt = 19.5 x 10° where Zt = modulus of section

in bending of arm,tangent
to the boss
= 1696mm® minimum

& A 80lid rectangular arm 10mm wide needs to be at least 46mm

deep at the tangent section.

Similarly,thevnormal maximum bending moment at the 100mm radius,

Mage = 11.5 % (250 = 100)
250

= 6.9Nm
es Minimum modulus of section in bendiﬁg at 100mm rad
2y = 600mm>
. If depth of sectioh is maintained at 46mm the width may be
reduced to Amm. at 100mm rad.; or, if width: is kept at 10mm the
depth may be reduced to 19mm.
These values will maintain the safety factors
at the normal 40:1 and the occasional 20:1 levels.
The torque resisting key is stressed to the
same safe level as the other keys in the direct train {7.3N/mn%).

C.2. . Some Calculations ilelating to Deflection.

In general, provided that normal reascnable
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safety factors are maintained, deflections in compohents outéide
the test bed area do not affect the operational accuracy of the
machine. However, in the itrain from the point at which strain
measurement begins, i.e. from the main drive shaft, item 22, up o
the end thrust block, item 5, deflections can be critical with
respect to (i, backlash in the system, (ii) accuracy of operation
and {(iii) accuracy of measurement of load.

Iwo modes of deflection are likely to be
important within this critical zone, namely, twisting and bending.
he former is likely to be most critical throughout the torque
drive train and within the test bed frame and the latter
principally within the test bed frame,where it can cause
misalignment in the drive train on the lines discussed in Section
4.5. The bending deflections must be considered in both the
vertical plane and the horizontal plane systems.

C.2.1., Torsional Deflection.

The total torsional deflection inherent in
the system is made up of angular deflections in the gear and
clutch bosses, angular deflections iﬁ the gear teeth, angular
deflections in the keys and angular deflections in the shafts.
0f these, due to inherent rigidity of construction,deflections in
the bosses and deflections in the keys (assuming correct fitting)
are completely negligible and may be ignored. Total torsional
deflection is thus the sum>of the other factors.

Gear Teeth Deflection.

As a simple first approximation each gear
tooth may be regarded as a simple cantilever beam of rectangular
sectional shape and, if only one tooth on each side is regarded as
taking the thrust a2t any one time, the total gzear +tooth deflection
will be twice that of a single tooth. furthermore, if the effect

of the tooth root radius is ignored this will zive the extreme
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value of possible deflection from this cause.

Min. root area of tooth section = 21 x 3.82wmm?
Second moment of area = 97.543mm4'
Max. beam length = 3.96nnm

Max force at 23Nm torque = 560N

Plasticity modulus in tension =

206.83 x 10°N/mm®

560 x 3.96°

.» Deflection/tooth 3% 206.83 % 10% % 97.543

0.000723mm

I

0.001446 mm

Q;%%l%&é radiaas

..Total deflection

(where mean pitch

rad. = 44.44mm)

0.00003%483%rads.

Shaft Angular Deflection.

Taking elastic modulus in shearing (G) = 82.732 x 10°N/mm*

and angular deflection in torsion &< = 10.186%¥L

GD

where L

shaft length

and D

shaft dia

C.1. Mable of shaft portion sizes and associated

angular deflections.

Ltem Dia of Section Length of Section Deflection
. . rads.
in mm in mm.
26 1.75 44.4 2..105 53.5 0.000037912
- 40 0.715 18.°2 19579
- 35 0.67 17.05 31290
1.25 31.8 1.629 41.4 111490
Total 0.000200271
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bia Length
Item Deflection
in mm in mm rads,
35 1.815 46 .1 2.631 _ 66.8 0.000040713
1.75 44.4 0.708 18.0 012756
1.56 39.6 4.78 121.4 135950
1.379 35.0 0.66 16.75 030739
1.25 31.8 1.925 49.0 131960
1.23 31.7 4.565 116.0 316370
(Mean)
Total 0.000668488
57* 1.5 38.1 1.685 42 .80 0.00005593%9
0.8719 22.3% 0.75 19.07 212370
Total 0.000268309
40 1.8 45.7 5.89 150.0 0.000094703
1.5 38.1 2.435 62.0 511280
1.23 31.7 4.565 116.0 316370
(Mean)
Total 0.000922353%

%Adjustment made to G for n.t.p. working section; assumed
about same as steel for max. elevated temp., section,
Grand total elastic angular deflection at 22.3Nm = 0;00236256:rads.
vhich is negligible relative to the likely range of plastiec
angular deflections.
Angular deflection of the double-channel
test frame (Item 1, Part 2) can add a little to this (0.00001138
radians); but this may safely be neglected here, although it can
add significantly to the lateral deflection.
BEven at 46Nm torque the total elastic
angular deflection is still only 0.00488 radians.

C.2.2, Bending Deflections.,

Bending deflection in the drive train is
attributable to two causes:(i) bending and twisting in the main

test bed frame and (ii) out-of-balance forces due to misalignment.
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Phe first cause results from (a) dead loading
from machine parts and (b) side thrusts resulting from the |
application of the torque. Both amounts are négligible with the
bedplate sizes chosen; since the bedplate section sizes and
proportions were selected maimmily for this very purpose. However,
the angular displacement due to the torque can contribute to
misalignment of the torque drive but this effect is minimized by
the fact that the twist spreads proportionately from end to end of
the bed; hence intermediate fittings (bearings etc.) tend to tilt
in proportion go the resultant concentrated effect at the test
position is very small and may be neglected,

The second cause, out-of-balance forces,
develops from inaccuracy in the setting of the alignment of the
torque applying mechanism, particularly in the close vicinity of
the test specimen where the leverage from the overhang of the
shaft is at its maximum,

The values of the out-of-balance forces depend
directly on the degree of misalignment, at the centre of application
of the torque within the specimen. Such a misalignment will give
a difference in concentricity between one end and the other of the
gauge length of the’specimen, creating an out-of-balance torgue
proportionate in magnitude to the unconcentric area of one side
or the other‘relative‘to the total area.

As long as the degree of eccentricity is not
great, say not more than 20% of the radius, it can be shown that
the out-of-balance area (Ao) will be closely approximate to twice
the eccentricity (e) times the radius (r)

i.e. Ao = 2er
Hence, for an eccentricity of 0.05mm,

A
o

0.1 x 3mm® (r = 3om)

0.3mm%



164

s _0 = 0,0107 where A = full area

Cut-of-balance torgueN,= 0.0107Y where { = applied torgue

S when§ = 23Nm

Ne= 0.244Km
The effective radius of action of this torqgue
may be taken as 3 - 9592 (i.e. the mean radius of eccentricity)
= 2.975mm
3
.. Eccentric force P = 9;2%%§$§1Q
= 82N

Similarly,for an eccentricity of O0.5mm at 23Nm torque,

AO = 3mmz,
A = o0.107,
A
Y'O = 2.44Nm .
W P = 890N

The necessity for accurate alignment is
obvious. Provided that the required accuracy of alignment is
maintained lateral deflection of the torque shafts from this
cauée may be ignored.

Ceds Some Calculation Relating to Vibration.

Once the danger of misalignment or malfunctign
due to deflection of the machine structure hés been. overcome, there
remain the dangers of vibration and resonance in‘the members: of
the structure.

Vvibration can originate either within the
machine or within the test specimen. The behaviour of the latter
cannot be predicted for unknown materials and new test conditions;
but a rough examination of a variety of test records from
different sources suggests that the maximunm frequency of vibration
likely to result from'see-saw® yielding is piobably about 10Hz.

this frequency is well down in relation to the range of excitatidn_
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frequencies likely from the machine itself; therefore, if the
latter are safely taken into account, specimen vibration
generation should also be safely covered. Consequently,
specimen vibration generation is ignored in subsequent calculations,
There are three likely sources of vibration
in the machine; taken in order from the drive motor:-
{i) totor vibration from slight out-of-balance masses in the
rotor.
(ii) Belt *thump” due to slight irregularity in V-belt contour
as it meets a pulley.
(iii) Gear tooth chatter.

(i) Motor vibration will occur at an approximately constant

frequency equal to the nominal motor rotational speed of
1400 rev/min
i.e. 2%3.35Hz, say 24Hz.

(ii) Belt thump is proportionate to the number of irregularities
in the belt length related to the frequency with which they hit
the pulleys. “here are three V-belts and each appears to have
only one irregularity. Hence, since motor speed is about
constant, the impact frequency from each belt is a fixed fracition
of the motor vibration frequency. This fraction is the ratio of
the motor pulley mean drive circumference to the length of the
belt - about 0.442.

This gives a belt thump frequency, for each beld,

= 10.5Hz approx.

Howevexr, there are three belts and their
interaction must be considered.

put-of-phase thumping may be ignored since this
supply constitutes a particular state of basic frequency
application. On the other hand if any two belts are exactly in

half phase with each other then a second frequsncy of double the
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vasic frequency is present i.e. 21z excitation also exists. If
the three belts are exactly in progressive 1/3 phase with each
other, then a second frequency of treble the basic frequency is
present 1l.,e, there is 31.5Hz excitation. |

However, the chance of exact three phasing
being present is so extremely small that it may be ignored.

Two phasing is more likely, although still
highly improbable, and should be considered in addition to basic
excitation,

(iii) Gear tooth chatter is the most likely source of excitation

since a wide range of frequencies of excitation is certain in
contrast to the fixed frequencies of the other two sources.

Because there are 28 teeth in the direction-
charging mitre gears, item 27, the ftequency of excitation from
this source will be 28 times the selected speed of strain drive
rotation. The latter is likely to range from 1 rev/min to 970
rev/min (max., hydraulic variable-speed gearbox output speed)
giving a potential tooth chatter frequency range from about
0.5Hz. to 452Hz.

If the resonant frequencies in the machine
members are kept as far as possible above the maximum of this
range (although this: may not always be possible) then risk of
serioﬁs vibration should be small,

It is essential to consider both torsional
and transverse modes of vibration and this is done in the
subsequent parts of this section. No consideration is given %o
axial vibration as this seems to be an extremely unlikely source
of trouble in this construction,

(liote, 1In the eventual operation of the

machine it was found that belt thump significantly affected the

sensitivity of the load measuring cellg used for the low torgue
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range and it was found desirable,for accurate low torque work, to
isolate the belt drive system from the main frame systenm, see
drawing ‘M 13. Whether or not the choice, in the first place,
of a direct-coupled motor system see Section 3.1.1, would have
avoided this difficulty is open to question because the inherent
motor vibration might then ha&e caused similar or more serious
problems).

Ce3.1. Torsional Vibration.

Torsional vibration is most likely to occur in
the torque drive members, items 18,26,35 and 40. There might
also be a possibility of torsional vibration in the test bed frame,
item. 1, part 2, but the heavy damping imposed by the system of leg
mounting,by the guide rail system and Ey superficially mounted
equipment is considered to be sufficient to eliminate this
possibility.

The main torque driven shaft, item 35, is the
most likely source of torsional vibration so it is considered first,

All frequency calculations are based on the

standard equation

L _1 oag
T 41 — where n = frequency in Hz,

1 = length of shaft under consideration,G = shearing modulus of
elasticity = 82,732 x.103 N/mm*,A = area of circular section in
mm*, g = acceleration due to gravity (9.8067m/sec®), w = weight/
Junit length,based on a density of 7.8gms/cc,

This simplifies to

1 r
n = 14242}{-1-}{\/';;

The overall btorsional vibrational frequency of
a complete shaft is approximated by calculaﬁing a mean effective
diameter and assuming that the shaft is a single uniform cylinder.
vhis is a very rough approximation but is goocd enougn for the

nresent purposes since it gives an indication of the minimum
12 b - o
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natural frequency.

Table G.2. Basic frequencies of torsional vibration.
| Ref. dmm A wg/mm Lom nHz.
ean
1 39.6 1253.0 96.173 | 436.0 | 3698.5
2 31.7 789.23 61.156 | 114.31| 14106.6
3 31.8 794,22 69.948 62.36 | 25860.,0
4 39.6 1233.0 96.173 | 138.02| 8531.2
5 46.1 2101.3 163.9 66.83. | 24128.5
Table C.%. Inherent frequency ratios.
Denominator| Section ref. (Table C.2.) = Numerator
2 3 4 5
1 3.81 6.98 2.31 6.53
2 1 1.84 - 1.72
3 ~ 1 - -
4 1.655 3.0% 1 2,83
> e 1.072 - 1
- = less thani
Table C.4. Marmonic frequencies.
Basic 5 ¥ 1
25860.0 12930:,00 8286.67 6440 .6.
24128.5 12064.25 8042.88 6032.13
14106.6 7053.3 4702.2 3526.65
8531.2 4265.6 2843.7 2107.8
3998.5 1999.25 1332.85 999.63

both the lowest basic frequency and the lowest harmonic frequency

are significantly above the maximum potential generating frequency

it can be seen,from wables C.2. and C.4, that

\452:z) and hence any torsional resonance is unlikely.
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fable C.%. shows that there is no self
stimulatiné resonances in the shaft itself.
Item 26.

By simple proportion, all the frequencies in
this shaft are significantly higher than thbse in iten 3% so
resonant torsional vibration is even less likely, In addition,
damping is likely from the clutch components and keys.

Item 40.

This item will have natural freguencies and
harmonics closely simiiar to those of item. 35 and, in addition,
there will be damping through the specimen and from the load
lever system, Hence, torsional résonance is at least no more
likely in this item than in item 35,

Itém 18.

This item, when in use, might be stimulated by
backward feed of vibration from the gear teeth. It has only one
likely basic torsional:vibration mode.

Table C.5. Resonant frequencies.

d.mm A.mm. Ww.kg/mm 1.mm n.Hz,
"31.8 794.22 0.061948 193.8 8320.6
Harmonics % 4160.3

3 2773.53

1 2080.15

Torsional resonance is clearly unlikely.

C.3.2, Transverse Vibration.

PTransverse vibration is a possibility in
every significantly long number of the structure.

The most dangerous location for transverse
sibration would be in the torque shafts on either side of the

specimen, items %5 and 40; but, the inherent rizidity of these
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shafts is such that their absoluté minimun frequency of
transverse Qibration in “free” resonance would be significantly
higher than the maximum stimulating frequency. In fact they
cannot resonate in the “free” mode because the bearings are
deliberately not set in nodal positions. Hence neither natural
or harmonic resonance is likely. Cantilever vibration might be
possible in the large overhangs in the test-zone but the two
overhangs are neither of equal length nor of harmonic length
ratios and in any case the test specimen acts as a damper,
therefore resonant transverse vibration is unlikely from the
normal excitation sources.
However, if the torsion block, item 4,drawing
T 7 is not firmly guided against the rails, item 7, then
transverse horizontal or vertical inertial vibration or "hunting®
might be possible from the excitation of fluctuating transverse
forces in the specimen caused by misalignsient of the specimens.
It is not possible to calculate the frequency of inertial
oscillation of a complex member, such as item 4, with
superimposed fittings, such as item 40; but it is certain that
the frequency would be low perhaps lower than 1Hz. On the other
hand, gear tooth chatter at low straining speed is an unlikely
stimulus to this mode of vibratiom,due to the pooxr coupling that
would exist,and all other stimulating sources are of too high a
frequency to matter in this case, Only £he side-thrust effect
is left and this can be kept to a safe limit by:-
(1) ensuring sufficiently accurate alignment and
{ii) limiting the freedom of item 4 by keeping its roller guides
under significant poéitive load, sufficient to stop lateral
movement5
Y'he only remaining potential likely source of

dancerous transverse vibration is the frame, item 1 arts 1 and 2
5 b} ’ y
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wnich égé analysed below.

Item 1, Parts 1 and 2.

In both parts the only likely troublesome

transverse vibration sources are the main rectangular frame tops,
made from the 102 x 51mm standard channel sections.which might
vibrate vertically oxr horizontally. The lowest and most
dangerous frequencies will occur when the portions of channel
vibrate independently,perhaps with one side portion resonating
the othexr equai side portion (each significant portion.isvpaired
since each frame is constructed nearly symmetrically from two
opposed channels e.g. see Figs. 23 and 27). Bach frame side
member divides into three portions since betweeﬁ.the end supports.
used on each side there are two basic intermediate supports.
The exact locations of these suppoxrts cénnot be specified to
precise vertical planes,because the supports themselves. are of
significant size (51 x 51nm and 38 x 38mm angle éections}; on the
other hand if the extreme end planes or mean planés, as
appropriate, are used,the potential frequencies will be at their
lovest. This might be regarded as an. extreme assumption giving
excessively low values of frequencies; but,if it is offset by
assuming rigid end fixings,the calculated values should not be fax
from the true values. That is, a compromise is achieved between
“low wvalues from excessively long assumed lengths and high,vglues
from assumed excessive stiffness. (Frequency of transverse
vibration for rigidly fixed ends varies with éigz and for one end
free and the other rigidly fixed with 34%;1).

The basic equation for transverse vibration of

a beam is:-

n = %2 5%1_ where n = frequency in Hz,
C = a constant related to mode of end fixing (3.57 in this case),
1 = effective length of beam in mm, g = acceleration due to
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gravity (9.8067m/sec™ ), E = tensile modulus of elasticity 206.83
x 10°Nfmn~, I = second moment of area of section - mmn* , W =
weight/unit length of beam 0.0067kg/mm.
For each portion there aie two modes of

vibration, Nxx in the vertical plane and Nyy in the horizontal

plane.
I.. = 18.78 x 103mm®
XX
and Iyy = 2,91 x 103mm& for this size of channel
( standard tables)
. _ 2-57 © o,
.o NXX’ = T x 75.3%399 x 10° Hz
and N = 3,57 x 29.68 x 10® Hz
Yy 13.

Bach part 1 side is made up of two 448.5mm.
lengths and one 246mm length and each part 2 side is made up of
one 590,55mm, one 546.1mm and one %17.5mm length.

Table C.6. Naturmal frequencies of vibration of

frame side member portion.

Position 1mm Nix Hz Nyy Hz

Pt 1 EBnds 448.5 1338.1 526.3%
{2) :

Pt.2 BEnd 3175 2121.0 1050.8

Middle 590,.6 771.8 303%.8

End 546. 1 905.9 356.5

There are no positive self-stimulating
resonances, Although the Pt 1 ends are nearly in first
harmonic resonance with onme Pt 2 end, in the Nyy mode, it is
considered unlikely that self-stimulation will occur since the
parts are at right angles to each other and do not form a

continuum.
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Table C.7. List of basic and harmonic frequencies in
main frame in Hsz.
. Harmonic
Basic
3 3 %
4447.8 2223.,9 1482.6 1111.95
2121.0 1060.5 707.0 530425
1750.4 ¥ 875.2 583. 47 437.6
1338.1 669.05 446.03 334.53
1050.8 ¥ 525. 4 350427 282,17
905.9 452,95 301.97 226.48
771.8 385.9 257.217 192.95
526.3 ¥ B _2_(13._15 d’— 77;.:3 o 131.58
356.5 * 178.25“ ) 118.83 89.13
_303.8 * 151.9 101.27 75.95
* N__ mode

Frequencies below tﬁe dividing line would be:
opén to stimulation from gear chatter,but,in every case,the mode
is modified, or modified and damped by superimposed bracing and/ox
attachments. Due to this modification the frequencies are likely
to be raised by a factor of at least two, which would bring the
danger range down to below the broken line i.e. no basic
freguency is likely to be stimulated, and external damping is
probably well able to stop resonance with any of the sensitiwve
harmonics,

Hence, it is considered unlikely that any serious

vibrations will be set up in frame members.






