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Introduction.

The behaviour of metals under stress has long been the
subject of investigation both by mathematicians and physicists,
80 that the laws of strength are tolerably complete., Owing
to the importance of iron and steel in construction, these
materials have been subjected to very extensive tests, par-
ticularly in simple tension and compression.

Numerous tests of cylindrical iron and steel bars in
torsion are also avallable; the bulk of these being tests
to destructicn of samples of material used in actual machines
and structures designed by engineers. In such tests sci-
entific accuracy is not of much importance; the chief cone
sideration belng the obtaining of sufficient data for use in
design. The most accurate torsional work upon iron and
steel has been the work of physicists, and nearly all their
investigations have been conducted upon specimens of very
small sectional &area; the reasons for this no doubt being
that such specimens in the form of wires are easily obtaine
eble of great uniformity in size and quality, while large
test pleces are costly to prepare, and morecver cause cone=
siderable difficulty in testing, because of the magnitude
of the forces involved. Owing to the mode of manufacture,
the physical properties of wire often differ to a considere
sble extent from turned specimens of iron and steel. These
differences may be caused by the hardening effeoct of the
drawing, minute cracks in the wires, want of roundness, and
the like,; It therefore appeared probable that experiments
on the lines indicated by physicists would be of some service,
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and it was with this idea that the investigation was commenced.
The chief difficulty in the accurate investigation of
the torsional properties of metal bars lies in the lack of
suitable apparatus for the work; and after revie;ing the
chief machines available for measuring strain and applying
torque = to all of which there seemed some objection - it
was resolved to design and construct special appliances for
the work.
Attention was first directed to the design and constructe
ion of & self«contained instrument for measuring strain,
which should be sufficiently accurate to measure strains of
one second of arc; and after some experiments an instrument
was constructed which satisfied these conditions.X A mode
ification of this was used in the work of this paper, and is
deseribed in Section II.
In most machines for applying torque the construction
is such that the weigh lever can only he used for torsion
in one direction, send the ends of the specimen are fixed, so
that it is impossible, for instance, to apply a bending moe

ment and torque,or & tension and torque_together,

A machine was therefore constructe; to allow of torque
in either direction, and also permit of the application of a
uniform bending moment and & pure torque to give a combhined
stress. A separate device was constructed for giving the

combined streség%f tension and torsion.

Coker ®n Instruments for measuring Small Torsional
Strains; Phil, Mag,., 1899. @ecewdroy—



Description of the apparatus.

{ Instrument for measuring strains.

In making measurements of small strains it is a great
adventage to use an instrument which will read directly, and
which is self-contained and wholly suprorted on the specimen
under test, thereby avoiding external scales whose positions
with respect to the specimen may be changed by a disturring
element, such as slipping of the grips, aprlied bending moment,
and the like., In order to meet these conditions an instrument
was designed for the purpose of these experiments, and is
shown in sectional elevation bty Fig.l and in side elevation
by Fig.2. It consists of & graduated circle A mounted upon
a chuck plate B, provided with three centering screws adjust-
able hy hand. Upon the Vernier plate J an arm O carries an
extension K, upon which is secured a frame X carrying a thick
wire P. The movement of the wire is observed by a reading
micfoscope carried in the sleeve R of an arm S mounted upon
the short cylinder C, which latter is grirped upon the test
bar ty screws L.

The reading microscope has an eye-piece T provided with
& plass scale, and a right-angled prism is interposed between
this and the objective W, so that readings can he easily taken.
The tube Q is free to slide or rotate in its guide R, but,

in order to readily focus the wire, this latter 1s carried in



a frame X pivoted upon the Vernier plate J, and adjusted by
a screw V.

The microscope arm S is secured to the cylinder C by
a divided collar, the two halves of which are pivoted on one
side, and the free ends &are clamped by screws.

If it is desirable to turn the telescope round or to
release it altogether, the screw may be thrown out of engage-
ment . Readings are taken from one edge of the thick wire,
and as this edge is very distinct, it fatigues the eye much
less than a spider line or scratch upon glass, which latter
have the further disadvantage of being of appreciable.thick—
ness. Fig.5 shows the appearance of the field of view of
the reading microscope and the wire P,

No appreciable error is caused by the fact that the
divisions upon the glass scale of the microscope are linear

lB measurements, while the movement of the

|
,q/\r7\ - wire is in a circle. For if ABC be the

path of the wire and AC the chord, then
the error is the difference hetween tlLe
arc ABC and its chord AC when the angle

is a small guantity of the first

order. ;
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a small quantity of the third order, snd therefore negligihle.

Il

In practice this is shown to be the case, as no difference

can he observed between the parallelism of the wire P and
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scale for any 1osition of the former. The reading of the
microscope scale may therefore be taken as directly propor-
tional to the angular disrlacement, eand the calibration is
effected by moving the wire through a definite angle and
noting the equivalent reading of the micrometer eye-pilece.

It is essential that the graduated circle be set accurate-
ly upon the bar, with its plane perpendicular thereto and its
centre coinciding with the longitudinal axis of the bar. An
arrangement was devised to effect this, consisting of a pair
of divided collars &, the halves pivoted together at b, and
secured by nuts ¢. The collars are wedge-shaped, in radial
section to engage with correspondingly wide-angled grooves,
upon the chuck plate and cylinder only the angled sides being
in contact, so that the collars are readily fixed or freed
when required. The lower halves 4 of the divided collars
are connected by one or more distance-pieces e, so that when
the former grip their respective grooves each plece has one
degree of freedom with respect to the clamp, and this is
sufficiently suppressed by the frictional grip of the collars,
thereby causing the parts to act as one rigid whole for set-
ting the instrument on the bar.

Both main pleces are chucked by set-screws, and with a
little experience this can te effected as accurately as by

self centering chucks:*

L]

Coker'@n & new Instrument,etc.
PhilJkg., Decernlre {S’qﬂ



In nearl; all maclhines for aprlying toryue some hending
is also present, and it is tlwerefore necessary to eliminate
any rossible errors due to this cause.,

If the bar is bent in the plane containing its centre
line and the observation wire, it has the effect of causing
new parts of the wire to come opposite the scale, but no error
in reading is caused therebdby. If,however, the bhar is Dent
in a plane at right angles to this, the effect of the bending
will be read as an addition to or subtraction from the twist.
Bending in any other plane may be resolved into cornronents
in these two plenes, and it is therefore only necessary to
gliminate the error due to bending in a plane perpendicular
to the plane of the paper.

The error may be got rid of by using two reading micro-
scopes set opposite to one another, and a mean reading taken,
btut as this doubles the labour of observation, it is incon-
venient. Another ﬁlan is to arrange tlhie wire mid-way between
the sections gripped hy the set-screws: then if

N o be the length under measurement,

0 = angle of bending at first section

?7 = angle of bending at second section

error in reading beconmes (L( o 6 + WCF )
and if & and @ are equal and orposite the error vanishes.
A specimen stressed by two equal and opposite couples applied
at 1ts ends hends into the arc of a circle, and fulfils the
necessary condition for the equality ofﬁﬁ,and (f , and in
the application of torque this condition has been fulfilled.
As a matter of precaution the observation wire is always set

in the plane of bending.



In order to test the accuracy of the instrument torsion
tests were made, (I) with no bending, (II) with bending moment

of known amount. As an example the following may be quoted.,

Turned bar of rivet steel Torsion arm = 15700

Diameter 0.662 Calibration

Length under test 1 min, = 54-4M
Table I -

No Percdirg, | Beriding ML | Berding, Mo Berduing MY
T'”-“iz"‘" Morerls” | 180 inchWs| goo vnch TS| |19.0 inch W8
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T5-0 | 509 o8 5017 799 | 505 %9 |s0n %0
O 2 | | 2
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Machine for &aprplying Torque and Bending.

The apparatus used for applying twist in either direction,
and for the combined stresses of twist and 'binding, is shown
in side elevation by Fig.6, in plan by Fig.7, and in sectional
and elevation by Fig.8. The machine was specilally constructed
for the work of this paper, and consists essentially of two
similar and equal castings A, bored axially to receive double
coned spindles B, the outer ends of which project through
the castings and are secured by nuts C. At the weigh)(glevar
end the cone is secured to the casting by studs D, but at
the other end, in order to take up the twist upon the specimen, .
the cone is grirped partly by the back-nut C, and partly by
a plate E pressed against its face by studs.

Fach casting 1s bored at right angles to the axis to
receive arms F, G, of which the former are used for hanging
welghts therefrom to give the torque, while the latter G one
carries a link H having an adjusting screw I and nut J where-
by the weigh levers F can always be brought to the horizontal
rosition; the final adjustment being made with a sensitive
level K, while the other carries a balance weight L. The
ends of the specimen M under test are secured in grirs N N
upon the projecting ends of the cones B.

In order to obtaln a pure torque and a pure bending
moment, both acting at the same time, each casting is supporte
ed by & ring (Fig.9) encircling the spindles B, and furnished
with friction rollers P running in grooves in the spindles B.

The rings have bearings Q turning in stirrups R, these latter



being hung from an horizontal bar S by adjustable vertical
hangers T, and we get a pure torque of a known amount throughe
cut the specimen.

Bending Moment. Into the outer ends of the nuts C are

screwed projecting arms V, of known length and earrying weights
at their ends. These put a bending couple upon the specimen
without shear, the arm of the couple being the distance of

the weight from the hanger 1. With this arrangement simple
twist and simple bending or eny combination thereof can be
applied to & specimen with ease. The specimen is free to

teke up its own position of equilibrium, since it is imperfect-
ly constrained -~ (the specimen can be easily rocked about

even when fully loaded, but always comes back to the first
position after a few oscillations)=and the condition of stress
is accuratgly known,

Corrections « Twist. The results of tests én the friction

of the roller bearing show that the fricyion is so small a
quantity as not tc introduce any sensible error.

Bending. The friction error is that dve to the stirrups

embracing the bearings §, which latter were made larpe pure
rosely. No experiments were made in which the bending moment
varied during the experiment; consequently it was sufficient
'in each case to calculate the error due to friction for the
particular load appllied, and make the small corrections ne-

cessary. This has been done.

1]



Apparatus for applying Torque and Tension.

The apperatus for applying torque and tension is shown
in general elevation by Fig. 11, and in plan by Fig.l2. A
detailed section of some of the parts with the measuring ine
strument fixed to the specimen is shown by Fig.l3.

The specimen A was screwed into a turned plece B, having
a slotted hole above, and tapped to receive a screw C centred
in a corresponding depression in a plece of tool steel D reste
ing upon a plate E, which latter was carried by four bolts F
depending from a cast iron beam G mounted upon two pillars H.
Below the specimen screwed into a turned plece J, carrying
a sleeve and pulley L, the lower end of the plece being fitted
to receive a nut M and hanger N for weights. The torque was
epplied by welghts attached to fine steel bands made of clock
spring, which latter were attached to the pulley at conven-
ient points, and passed over guide~pulleys O mounted on ball-
bearings. The applied torque was balanced above by a double=
ended lever P, keyed to the plece B so that its axis passed
through the point of suspension, and furnished with screﬁs
at its outer ends, so that the ends pressed equally against
the pillars H, The weights used for applying the torque
were made by (kmiibﬂj/’or were coples therefrom, and the
twelve 200 pound weights for &applying the tension were stande
srd weights forming part of the equipment of the 100 ton Bucke
ton testing machine in the leboratory. The method of suse
rension ensures that all the tension load is evenly distribe

uted in the section of the specimen, and there is no correction



for friction, as the load is & dead-weight one.
In applying the torque a small correcticn must be made
for the friction of the pulleys. This was determined as
: follows:
The pulley was first balanced by
winding dead strips round its arms until

it woukd stand in any position, or when

|
is : n rotated by & smart pull,continue to re=
|
A ' B volve seversl minutes. Next, equal
flg s welght iy were attached to the spring steel

tape passing over the pulley with the ends vertical, and the
additional mass required to just start the pulley in one
direction was determined. The welghts were then reversed,
and the additional mass required was again determined; the
mean value of the two being taken.
Let T, be the tension on one side:
To * n ® " the other side

ffé = tension horizontally

We have
.g_.'i;_—_ SMW
Tl
;4
Ty _ 81.02
T, - very approximately;

from which we get by a simple transformation

f[%:::/\/ﬁ]ﬂ%L

1%
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This value was calculated throughout the range. As an exe

emple the following numbers may be quoted for the left-hand

pulley:
7 Todble I
s L= T,
2 2.,0078
4 4,008
6 ‘ 6.,0088
8 8.0095
10 10.0113
12 12,0118
14 14,012
16 16,013
18 18.014
20 20,015

The correction for the other pulley was Wless.



ITY. Method of Experimenting.

The diameter of the bar to be tested was first ascer-
tained by a micrometer caliper, the mean of seVeral readings
‘being taken. The measuring instrument was then applied, and

the calibration value of the readings ascertained. The bar

15

was then placed in the testing machine, and the balance weights

adjusted to give zero torque. If bending moment had to be
applied, this was effected before the final adjustment of the
reading microscope, care being taken to bring the wire mide
way between the two sets of clamping screws, and also to set
the wire in 'a§6urable position for taking accurate readings
”b}, the plane in which bending takes place. Unless reade
ings are taken at equal intervals of time, the time effect

of a stress will show itself, and it is therefore very necess-
ary that the separate loadings be at equal intervals. It was
found that the most convenient intervel was one and a half
minutes, this being necessary to bring the weigh-beam back

to its zero position, and all readings were taken with this

interval, except where otherwise stated.



The ferm of the stress strain-curve.

Before taking up the detalled examination of the releation

of stressvto strain, 1t is of interest to consider the stress

strain curve as a whole.

Fig. |5 shows the general nature of the stress strain
curve for a wrought iron or steel bar of circular section,
when subjected to a gradually increasing torque. Starting
from no torque, and gradually increasing the load upon the
bar, the relation between stress to straln is found to be a
linear cne until near the point (L , when the defect from
linearity is first noticed in the gradual creeping up of the
readings; the whole twist upon the bar being at the rate of
from 1° to 2° per inch of length.

At QU the yield point occurs, and there is a large ine
crease in the strain, with no increease in the loading. The

material has also changed from a nearly perfectly elastic to

& semle-plastic condition, and the bar when released from load

will no lenger go back to zero, but shows & very considerable

set. The materisl has also hardened by the process, and

the curve rises at first quickly to a point ¢, and then more

slowly until fracture occuriQ the strain then being generally

considerably more than one hundred-fcld the strain within
the perfectly elastic condition.

I
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The form of the curve at the yield point.

The first sign of deviation from the linear law indicates
the fallure of the elestic state at the fibres most severely
strained - viz. the outer ones = and a semleplastic condition
is entered upon, which as the loading proceeds extends ine
wardly until a more or less uniform shear stress is establishe
ed throughout the section. The passage from the one state
to the other state in a solid specimen requires a certain
range of stress so that the diagram;at the point QU exkibits
a well marked rounding.

If we call (po the maximum shear at the outer surface

45 = radius of the specimen

*}, = radius to which plasticity extends.

Then the resistance of the bar to torque is the sum of
the resistances due to (1) the still elastic core; (2) the

semi-plastic shell; and may be represented by

' " ) . ";Q
T=  QWq % rf—?’dﬁ--\—aﬁq,f”‘d/"
oo |, 0 %

where T = any radius

42 43
’L)- _ A )

up to the point where perfect elasticity prevails ’fa ==’FP and)

3
t - I
T = Q‘qbqﬂo
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but when the specimen is wholly plastic
+

p=°
and we get

' o 4*3'
’HA T :—é-wq’oo

which is .L-"é- of the value at the elastic limit.

It would therefore appear that if the bar changes mwe
ey from the elastic to the plastic condition at the yleld
point, the maximum torque will be four-thirds of that value
at which the first marked deviation from perfect elasticity gceuto:

The wves«Lt of’ e/:,’oe/rwne/rﬂ: chowse a.fowr agareq/ww/ni:‘
wth Bus comclusion . In B eeanible of a Wioughl
Fronr c;;wmm q/uorcgd, wn e reack sw:ﬂ,o—m Talle 1L
ColT, the furs't,‘ tnasked devtdtion ocewrs Uelow 315
’Oo»twds uﬂuio e Malercal faﬂ&al at 525 ~
vnch Fo—u/nds 3%3 a Tatid OflL/~
Ta.kunq anether case -Jco-t Une sTeel SFw/rne/n We—a/
wm the Sarne section, Talle I Col T ; ﬂuft/rﬂ:m
Aevtalion occuled Telow 676 inch W=, anﬂd/fmhme
ook ice, at 4o Vﬂr}tw co-r«re,s[oo—r\clvnﬂ wuq\?ﬂxj
@ a ralio of 129, whuch & very dsse to by
ch)vn}u) 'rez}a/rSL © The clqlﬁuculhf of c:lree/ru-wrj Mmc"d-/
Uhe, fm—s:l’ §’-<.c’fV\, of -FoulAm & seerns P"‘O’L‘m That Uas
condlwwns osSwuried are Tmot fan ffro-M’t'}\z CrTh .



Recovery of elasticity with time.

If a bar qf iron or stesel be subjected to a torque
causing a permanent strain in it, the condition of the bar
becomes quite different; it no longer obeys Hooke's law,and
the strain for a given stress is now greater than before the
increase, being more marked at the higher loads. As an
example we may take that of a turned wrought iron bar of
length between centres of 4,00 inches; diameter 0.472; cale
ibration value of readings 1 min. = /2-5 divisions. The

following results were obtained:

C'olu/rnmI
we
Tatemr | ol |Reoad | A
Poumds
0 o
243
i) 243
243
150 U486
24y
225 ‘780
2u2
300 qQ7Z
25U
375 |/226
268
450 |/u84
/0
y80 |/624
160
5u>'1784
526 | wesk gff Scaly




The load was now removed, and immedlately afterwards

re=applied, with the following result:
ColurrnIr

R Ibwlpbez Reading
hiivien . | (rich WUS 'A
wrr | L2, | s
CO‘VI?C*-- 7 ' 255
[ 50 §00
2 62.
D925 762
269
300 /1031
289
375 /320 '
:’24(7
300 1071
.’U,Lq
205 ga2
259
/50 563
965
75 298
:L72
@) b

It will be seen at once that the bar exhibits quite
different qualities from that shown before. The stress is
now no longer proportional to the strain,and the curveshowing
the relation between the two no longer returns upon itself,
but forms a looped figure.

Similar resulis are obtainable from bard subjected to

tensional stress .*1,

*Ewing"@n The meastrement of small strains in the Testing
of Materials and Structures. Proc.Royal Society, May, 1898,

*mm“’m e Recovery  of Tron from overobrain. Phd Trame 899
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If the bar be teéted'again after a short interval of
time the recovery will be found to be very marked. At the
end of one hour a test of the bar gave the results shown by
Column III; tLere being a marked falling off of the incre=
ments at the higher loads. Thus the strain caused by ine
creasing the torque from 300 inch pounds to 3751nch pounds
now caused only 272 units of strain, instead of 289; and sim=
ilarly at the end of three hours we find a further decrease
to 268 units, The recovery of the bar was tested at suite
able intervals of time, as shown in the annexed table; the
effect becoming less apparent as the time increased; but
practically perfect recovery was reached at the end of two
days, and very little change was noticeable after this time.

- Colax

Tt
e | Resad| 2
s
Talle L
o o | .
76‘ 246 | e
- 252
(50 46]9
225 | 753 ki
o1 | 2606
- B00 o q 272
8756 | 129
, U8
300 |loy%
225 ? 2oe
792 | 2on
150 536
s | ang 260
751276 | 44
© /




Table T corts

ColY

Col I

2%

Colvir  ColMIr.

Bhause ofte
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1@ hours after

3y ofter

B

Read? A

| Read? A

Readd A

Read® N
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75
1650
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300
875
300
azs
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75

25
206
252
256

25
.491
743

999

1264
245
IOIq

249
T7° 2o
516

252
259

265

254

246
244
249
256
260

?Qb
190
7°9
995

1255
285
1010

i 248
7 250
510

QB7

256
56

245
24
Q45

s
488
3% ,
790 244
798¢ 262
1238
U2
991
5
T aun
498

249
2T 24

45
4%
246

245
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B4
7% an
97 249

1227
4 4

q83
22U
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wgy
216
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?80

/1226
979
73b
459
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243
Y5
24
45
2Uusb
247
243
247
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I50
25
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%00
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738
g8%
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38
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The results may be shown graphically by direct plotting,
but it is more convenient to adopt the plan of subtracting
from each réading a number proportional to the torque, and
plot the new set of readings thus obtained. The method is
due to Prof.Ewing, and is used in Fig.{fp ; the diminution
in the case being 200 units of scale reading for a torque of
75 inch pounds. A time recovery curve, Fig.li?' has been
plotted; the ordinates of which correspond to the reading
under a torque of 375 inch pounds, and the abscissae arc

s curve
times;YshowSeg in a marked manner how rapid is the recovery

at first .

2o



As a means of comparison with the last bar, a steel bar
was now tested, the specimen being classed as machinery
steel; 1.e. semi-mild. Length under test 4.00; Diameter®j25 ;
Calibration 1 min. = ’ﬂqgrd'ivisions.

The'following result’é were obtained:

Col T
Torque
e w;% Wws | Reoud 2
E TR Difference.
&) o
385
75 385
385
/50 770
587
225 1157
3 &5 286
00 /
* 387
375 /930

375
450 2323
3
| 5285 9.7/0 87
3?3
boo | 3/03

Yoo
675 3503
420
760 3920
3!/
790 423
&l/o 4.075‘ it
as4
825 4929
380
840 530?

8686 (9007 i
g70 wenl g”fdcalej
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- The load was removed and again applied by increments of
75 inch-pounds, until a limit of 750 inch-pounds was reached;
the load being afterwards reduced by 75 inch-pcunds to nothing.
Tests were made at intervals ?f time, &s recorded ~:l.n Ta‘bleI_?S,,
which 1a.£ter shows that the recovery is much slower in the

former case; and even at the end of 19 days the specimen showe

ed signs of the initisl overstrain
(Rglfhoiring the o5l o] T _eperiments wes)
The curves plotted by the indirect method previously

1')L .
described; 350 units beig subtracted for an increment of 75

als
inch«pounds of torque. The rate of recovery 1is shown by

Fig. !q, corresponding to Fig./7 of the former case. The

readings at 750 inch-pounds are plotted as ordinates, and the
these latles

times as abscissae. The differencs ‘between“‘zi;_-;%gﬁr%es is

very apparent, Frorn the d,c.cujfm/ms & ds q,}:y’oa/re/n“l.“
e W& quﬁﬂw Tron  Dbulb Bhus vale of rec,a-u-mj
won slackens and Uecornes less ¢+ less a.’oFa/ym'C ar
UrLQ: Tone unemeases arol unless a u-u—‘,’ conscderalle
e o 7-urem the Tecsvery does Nt becore —~

comiete ( ¢ Tlte X cams)
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Colwrmms T T 1T v R4
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The position of the yield-point as affected by previous

stress.

The effect of a previous stress upon the properties of
a bar have been explained in Section VI , and it remains to
point out that overstrain in one direction has a very con-
siderable influence upon the yield«pecint or curve, separating
the elastic from the plastic stage; in fact it disappearl
but gradually reappears agaln - the recovery in the case of
iron being practically completé in two days, while for steel
19 days effects partial recovery only. In both cases, if
sufficient time be given, the yield-curve will assume a de-
finite position above the last rosition, and this rise is
augmented by every overstrain., As an example we may take
that of a wrought—iron bar, having a length under test of
4,00 inches; diameter 0,420 inches; calibration 1 min, =
12.8 divisions., |

The bar was subjected to stress extending beyond the
yield-point, and afterwards left to rest for a minimum pere
iod,of g days, when the load was repeated. W tests
were made, and each time there was a perceptible rise in the
yield-curve. The observations were plotted with each curve,
and spaced fO0O divisions from its neighbour. The curves

are given in Fi;g. 20, and require no further explanation.
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Twist in alternately opposite directions.

It has long been é common assumption that the limits of
elasticity for a bar subjected to torsion lie equally distant
from the position of no torque, and this is no doubt true for
a specimen not previously strained.

Apparently the first theoretical discussion of the prob=
lem is that by James Thomson?eand in his original paper he .
makes the further assumption "that the limits of elastipity
in a substance which has already been strained beyond iﬁs
limits of elasticity, are equal on the two sides of the
shape which 1t has when in equilibrium without disturbing
force." This note, added in October, 1877, goes on to say:
"A supposition which may be true or may not be true. Exper~
iment 1is urgently needed to test it; for its truth or false;
ness 1s a matter of much'importance in the theory of elag=
ticity."

The paper further points out that these assumptions lead
to the important result that if a wire be overstrained, its
strength to resist torsion in the original direction is twice
that in the other dirsction.

From the mathematical point of view, Thomson's concluse

jons may be arrived at as follows:

If a specimen be subjected to stress sufficient to cause

a uniform shear throughout, and then be released, we have a

bridee and Dublin Mathematical Journal, 1848, and
oat Ar%icle "Elasticity", Enc.Brit.

[l
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new distribution of shear throughout the section, which may

be expressed by

shear = q/o— as-

where q/o = original shear at external radius

4’4

]

any radius

@ =7:éonsta.nt .

Since the bar is in equilibrium, we must have

T ,
f(q/-a/t') enrdr =0
0
o
glving # a = % q——,;%

(Tthe
Thu‘é)\shear in the bar is given by the expression

’ +*
R ?/ - qjo(l-f %7%)

NE ‘ The distribution may be shown

graphically as in Fig, 2/ by a line AR

;..%93 K where Of3 = %o and AC = ;r%e

This line evidently crosses the
OR : %ﬁwg) %+ und

F@ 2/ axis X OR at the = = /Ll. an

gives a point on the circle of no str8ss.
Clearly if no change has taken place in the limits of 3 ‘
i

elasticity the maximum shear is g at the centre, and evident- M ’

ly the bar will now stand a torque given by the expression

7 2 2 3
‘ L dr+- — =wq,*+
T = f[%%‘-!-'%(l-an):)a"* ) %0/
o) P

\
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while in the opposite
direction the torque will be given by the expression

;kfa.% = EY| arwdr = -qu,“"‘f/
T=f['5%“*‘bo(‘f"‘m)] T - v T
-0

It remains to be seen if the assﬁmptions are Justified.

In order to examine this point, a wrought iron specimen

was taken, having a length under test of 4,00 inches; diam=
eter 06DY calibration value 1 min., = 12,76 divisions

of the scale,

et —
W:FW waa @t i e machurw a0 thals
torge eould Ve a.fp’lpw‘b on ellhesr durectiory,
arul clrgesroallons were  radle ofé e STramwe




These readings are plotted in Fig.ZQ, and from an
inspection of this and the table it is apparent that the
stress-strain curve was approximately linear before the
yield-point was reached. The return curve was less 8o, but
as soon as torsion was applied in the negative direction the
linearity disappeared, and the strains though irregular be=
came greater and greater as the torque increased. The mate
erial finally gave way under a torque of about =1100 inche
pounds. The torque was now reversed, and the stress<strain
curve became approximately linear until the zero torque was
reached, from which gi¥9¢ point the curve began to bend over
to the left, until a3 torque of 1175 inch~pounds was reached.

In order to roughly test the behaviéyr of the specimen
8till further, the applied torque was coﬁtinued, but no
strain measurements were taken,

Each complete cycle produced a hardening effect on the
bar; widening its limits of endurance each time until a final
1imit of 1750 inch«pounds of torque was reached after 14 re=
versals of the stress. The bar was now cracked in several

rlaces along the minute seams of impurities, and further ex=

feesmedl
periment we=s useless.

This experiment demonstrates that the limits of elas-
ticity do not remain in their original positions, and further
it 18 shown that stress carried beyond the elastic 1limit in
one direction reduces the other limit to zero. The conclus=
ion derived from the Ly ™ hat the bar is twice as
strong to resist torsion in the origihal direction as in the

other is also not borme out by the experiment,
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A second bar of wrought iron was next examined in the
_same manner, only four cycles being pérformed, of which the
first two are shown in Fig. 29 , and the last two in Fig.ﬂl{. .
These curves exhibit the same general properties as the one
described above. It is evident from Figs ﬁ?af%ll'lﬂat after
the first reversal of stress there is no perceivable ylelde
point; all such critical points being absent. . The commoniy
received idea that ralsing the elastic 1limit in one direction
lowers it in the contrary direction does not hold good here,
since all critical points vanish,

The further development of the idea that the distance

apart of the linits is a consté.nt, appears to have no phye-
the .
sical basis fo‘ﬂft))rsion,_:vz vrotu -

Jiidt




The influence of Tension on Torsion.

I. Tension within the elastic limit, and torsion within
the elastic limit,

Among the notable experiments made upon the influence
of tension upon torsion are those of McFarlane wupon steel
pianoforte wire ¥

From the article it does not appear that any experiments
wore made to ascertain whether tension within the elastic
limit has any influence upon torsion within the elastic 1limit,
but in any case it was thought worth while to make the ex=
periments, as specimens of much larger diameter could be | |
dealt with,

comparatively

The first specimen tried had the,large diameter of %
inches, and the maximum tension load which could be applied
was 3000 pounds. Repeated experiments failed to show any
difference in the torsional properties of the bar, whether
loaded or unloaded.

A second bar was then prepared, having a diameter of +
an inch, and the experimeht was repeated with tension loads

verying from 200 to 3000 pounds; the latter corresponding to

a stress of 15300 pounds per square inch. The diameter of

the pulley was 41.62 inches, so that a weight of one pound in

each.fdn)corresponded to a torque of 41,62 inch pounds.

*Enc.Brit. Art . Elasticity.
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The length of the specimen was 8 inches, and the calie

bration value gave 1 beczs N ccole = [6-86 "“‘""‘ds

=

The following table gives a summary of the results obe

tained: TCZZ)'I,Q/I—

Tension load | Mean value of reading . Mean of
on specimen., ggr:esgonding tzll pound columns 2 and 3.
ac = ° ° °
/5 pair 62 in.lLbs
Torque Torque
increasing diminishing
200 5900 9898 59'77
oo | $9 0C 5874 5887
/000 5856 58~70 68 6%
2000 | 5859 5870 6865
3000 | %878 58 65 5870

As will be seen from the last column, the values obtained

differ very little; in no case varying more than one-half ol otLe

per cent.

The above experiments were carried out for me during
the latter part of 1898, and the beginning of 1899, by Mr,.
Colpitts - then a student in the Civil Engineering Department
of the University. As a test of the accuracy of these re-
sults, a third bar was prepared, having a dlameter of 0.375
inches; length 8,00. A new objective was fitted to the
measuring instrument to render it much more sensitive. The
calibfaxion-value gave 1 minute of are = 62.4 divisions of the

scale. This necessitated low.torques, in order to prevent

v
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the observation wire from passing out of the field of view.
A new pulley was used, having a diameter of 20.82 inches,
and welghing with hangers,etc., 120 pounds.

A test was first made with no tension load beyond that
of the pulley, and irmediately afterwards a load of 2400
pounds was applied; corresponding to an increased load of

21700 pounds per square inch. The readings obtained are
shown in Fable YT .
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The only experiments upon the yleld-pcint appear to be

Effect of tensional stress on the yield-point.

those of McFarlane X These showed that a tension lowered the
vield-point. Reasoning from this result, Lord Kelvin cone=
cludes that a compression stress would raise it, but no ex=
reriments appear to have been made to verify this conclusion.

In order to examine the effect of tension at or about
the yleld-point, a bar of wrought iron was taken and cut into
two parts; one specimen was turned truly parallel to a con=
venient diameter (0,424 inches), and the second was made exe-
sctly the same size. Both specimens were tested and found
to be perfectly cylindrical, as far as could be ascertalned
by a micrometer geuge.

The first specimen was then tested in the ordinary way,
with the result shown in Column I, Teble FII.  The first
noticeable deviation occurred when each pan was loaded with
a weight of 16 pounds « corresponding to a torque of 333 inch-
pounds; the maximum torque being 385 inch-pounds.

The second bar was then stressed; but before the tension
load was applied a preliminary reading was taken to see whether
the readings agreed with those from the first specimen; end \
as will be seen, (Col.II) the agreement is very close.

The specimen was now loaded with an additional 2400
pounds - corresponding to an increase of stress of 17.900
pounds per square inch = and a torque applied by increments, ’
As shown by Column III, a slight deviation was noticed at
333 inchepounds, and fallure was accomplished by & torque of

360 inch-pounds. N

¥_Loc.cit. ‘ Tl



This result shows in a marked way the lowering of the yield-

roint by tension, and confirms MeFarlane's experiments,
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Tension beyond the elastic limit.

A machinery steel bar turned to a mean diameter of 0637
with a length of 8.00 under test was chosem, The bar was
first placed in the t@#Bion machine, and gave the results
under test shown by Col.I, Tablefgzzlfl The mean twist for
75 inch-pounds was 278 divisions. The specimen was then
set in the tension grips of the Buckton Testing Machine, and
a gradually increased load applied, until a permanent set
of 0,18 inches was produced. Immediately after, a fresh
test in torsion was made, the results obtained being shown
by Col.II. The results are also plotted in Fig. 2[0 , from
which it will be seen that the effect of the tensional overe
strain has entirely altered the properties of the material '
under torsion. The strain is no longer proportional to the

stress; the deviation being even more marked than in the

case of specimens upset'by a previous overstrain by torsion.

7
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Effect of Torsion on Tensing.

= - -

| The wenpmmmm effect of torsion upon the properties of
a bar subjected to tensional stress was only examined below
the elastic limit,

The measuring instrument used was of the Ewing type:¥each
unit of extension represeﬁting ‘EUU%G““‘inches upon an 8 inch
length,

“ A serles of tests were made, beginning with no tension
and increasing by equal increments until the yleld«point of
the material was reached. The results are recorded 1n
Table JX. , and it will be seen that no difference was ob=
gervable, whether the bar was twisted or not, provided the

elasticity of the bar remained unimpalred.

On Measurements of Small Strains in the Testing of
. Mstsrials and Structures. By J.A.Ewing, FoReSo,
Proc. Royal Society, May, 1895.

tt




TalreT

: Towue of ,
No Tarsior W f E\‘WL@ of "I'o—f(b“e,
Loads | 141 inch Wbs | 282 inch s m’ohﬂbs
?‘””“"‘LS Read? A A% A |Read? A |Readd A
£ 15 [
oo 15 15 b b 15 e
Y- 15 |5 16
6boo &q %0 3l | Bl
500 | 48 14 " 1y . 15 Iy
‘ 3
| o 5 |6 5 15 15 :5 |5
. 61 o
1206 Z 1y 1 15 - Iy - 15
o]
80 o
7 5 T 4 1 14 _(l 14
- 16oo o2 03 0% 104
1y 15 4 14
t8o0 o |18 H'] e
15 5 ﬁf 16
Qooo | 131 139 131 134
15 I 15 13
2200 | 14b 1] 14l 9
2 1y 1y 15
Q qo0 |6 161 160 6%

0




Al
W

Effect of bending on Torsion.

One of the most interesting cases of stress which occurs
in practice is that of torsion combined with bending; a sube
Ject which has received 1little or no attention from the exe
perimental side. The apparatus deseribed in section J[en=

ables uniform twist and uniform hending to be applied to a

bar in any proportion, and the torsional strain to be accur=-
ately measured without reference to any external body; so
that the bar can assume its own position of equilibrium withe
out agfecting the readings of the measuring instrument.
Attention has been €EEELIY directed to the influence of

bending on the torsional properties of a bar.

Bending within the elastic limit, and torsion within

the elastic limit.,

In a previous section it has been shown that the effect

of a tension produced 1little or no effect upon the torsional
broperties of & bar while in the elastic state., It might |
be expected,therefore, that a bending action which results
in a varying tension and compression upon the longitudinal
fibres would have but little effect upon the strain., As an
example we may take the case quoted in section Ilof a rivet
steel bar, in which an increase in the bending moment caused
a slight diminution of the strain per unit torque.

gimilar decrements were found in every case of the same V
type; as for example in the case of a semi-mild steel bar of
diameter 0.869 inches, and of length 8.00 inches, under test, '




The unit reading corresponds to m}—minutes of arc. 7 {
Totile, X
Torgue No Bending
in 1lvs. Moment 640 Inch~pounds.
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{ &6 33 : 327 ot
(bb
295 498 49% roe ‘
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300 663 659
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9 75‘ g30 . s ' §ay.

Bending beyoﬁd the elastic 1limit.

A more interesting case was that of a steel bar in which
the bending moment was)%increased until a permanent set was
siven to the bar in the plahe of bending. The dGimenrple ,

Ll seeamnn o | readings obtb.ined, are shown in Table XH,
and a summary of the results in Table XU:. It will be no=- /

|
ticed that when the bar is bent the true value of the torque ? J
is given by 1its apparent value multiplied by ol wnere 9 = | - f
angle of bending of the weigh=-lever about its axis,
The results are also plotted upon the dilagran, Fig.Q7 "
from which it will be seen that the slight diminution in the

readings within the elastic 1imit is followed by a much greate

er rise when the yield point is reached. , L
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Effect of bending upon the yield point.

The experiment was performed in a similar manner to that
in Sectionszzzz; Two bars cut from the same rod were turne-
ed up to exactly the same size. One of them was tested in
the ordinary manner, and the other was subjected to bending
moment, and then twisted beyond the yield-point.

The readings are recorded in Table Ilﬂ: from which it
appears that there'was.quite a remarkable lowering of the
yield-point; the reason for which is not at first apparent,
until it is noticed that the specimen took a permanent set;
the ends being'bent to a considerable degree.

At first sight this might appear to be a mere time effect;
but in the author's opinion the probable cause was the ine-
crease of stress, due to the torque applied later, Apparent-
ly the maximum stress due to bending was of itself insufficient
to cause yield, but the'application of a torque caused the

principal stresses to assume the values

b EE‘*’\/_W

ho- G-AEr

[I%

where FV\ = normal stress due to bending

@V = shear stress due to applied torque.
If we adopp Rankine's Theory of Maximum Stress, tgen f}
in this case passed the working limit of the material, and a

set resulted.




On the maximum strain theory of St}Venant
ir «e, = principal strain

M = Polsson's ratio
Then

' EEG“ = fn‘f E&

™

= = 7nfﬂ }%«’f‘ qu+' F%-fii

and sincemv has a value between 3 and 4 for steel, it is
clear that the addition of a shear stress qy would cause an
increase in the wvalue of @', which if jmmim below the 1limit
before might increase sufficiently to cause failure.

The relation of stress to straln after the permanent set
is clearly shown by a further test indicated in the Tables
and Figure Q& . There is now considerable hysteresis in
the relation of stress to strain. '

The author has not been able to find any other experiments
bearing upon the position of the yleld-point as affected by
bending. The yield point 1s however known to be lowered by
tension as mentioned previously.

A case which bears considerable resemblance to the case
of permanent set last quoted,is one by M'Farlanej&who has
shown that if a wire is twisted to nearly its limit of tore-
sional elasticity, an increase in pull will cause the torque
to give the wire a permanent set. This latter case can be

easily explained in the same manner as the one described

above.

* ]
Art ,"Elasticity", Enc.Brit., Par.21.
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Effect of annealing. , lf-

It has long been known that iron and mild steel stressed
beyond the limit of elasticity regain their elastic prop= }
erties when heated to a red heat and allowed to cool slowly,

The process'may be repeated many times without apparently
changing the elastic properties of the material, The yielde~
point, however, 1s found to alter in position as the anneale

" ings proceed. 1In a particular case a mild steel bar which

in an ordinary test would give an extension of 25 per cent

upon a ten=-inch length, and a yleld-point of about 18 tons

per square inch, was stretched approximately 4 inches, and
annealed in the ordinary manner after each operation, Throughe
out the experiment the bar appeared to recover its elastic
properties after each annealing, and finally broke with a
total extension of approximately 1oq%. The yleld~point
remained fairly constant, except at the ena, when it expere
~ienced a rise. tias Tt ‘m

Copper treated in the same manner mmgmmiss drewn out to
considerably more than double its length in this way wwibhoul
QLus%ﬁ%%%;%%%%%&zhvancea in our knowledge of annealing have
been recently obtained by Huirj'acting upon a suggestion of
Prof.Ewing.

Muir has shown that comparatively low temperatures, such

as boiling water, will restore a strained bar to its elastic

condition. The yield=point, however, alters during the pro-
cess, and is always higher than in the original condition,

x teel Bars subjected to repete
Note on the Enduranve of Stee
itions of Tensional Stress; by E.G.Coker, B.Sc,

+ Phe Recovery of Iron from oversirain; by James Muir,-
Phil.Trans, 1899.
I3
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After & few applications of stress, followed by heating.in 7.
bolling water, or even water at 50° C, the bar fractures with
a total extension not very different from a bar stressed to
breaking without special treatment. The annealing at low
temperatures, therefore, appears to be less complete than
that at a Bigh temperature,

In order to discover what effect a temperature of 100°C

would exert\on & bar overstnained by a torque, the sj:eel bar

,which had been pumessesmigy use?i\,}\(Soe SectionYL[ Wilel) was

ouvestrremed,
selected, and after boiling for 15 minutes was nEEEEe, giving
results (Col.X_ , Table XY ) practically identical with
those of Col.T , TableI¥ , for the first part of the

curve.

R e T Pra:):«,c,e k& U'M.—y/ e
Troullesorne to Sel: m,:l‘lj The Sanrre c,alC(r'roC(i,o—.n,
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