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The experiments described in this £h8819 were
undertaken with the object of determining the effect which
tensile oversiraln has on the resgistance of mild steel to
compregsion. The investlgation was conducted~by means of
bending tests for when a heam ls bhent tenslle stiress exists
on the convex sicde and compressive siress exists_on the
concave side of the stressed heam. Since the effect of
tensile overstrain on the resistance of steel to tension is
known, the oompressioﬁal resistance offered might be inferred.
from the behaviour of the bent tensile overstrained beam.

Ag the research developed 1t was sobn found that the
interpretation of the bending‘of steel in the arnealed
condition, that 1s, free from overstrain, was not so simple as
Presupposed,also,since the bending of steel initially
overstrained is really an extension of the annealed steel
problem, the subject is conveniently divided into two séctions;
the bending of annealed steel, and the bending of steel
overstrained by tension. o

Part Ones~ THE BENDING OF ANNEALED STEEL.

The material used for the tests consisted,
first of all, of different lots of half-inch mild steel
rod of carbon content about O,! per cent. The materiél was
always carefully annealed by heating in an electric furnace
for half an hour at 900°C. followed by slow cooling in the
furnace. Most of the pleces for the tensile tests required
In conjunction with the bending tests were prepared by turning
dowri the annealed rod to about 0,44 inch dlameter and screwed
ends were used for taking the load, an eight=inch Ewing
extensometer measured the strain. The beams for the bending
tests were Prepared by machining the anneéledvrods, of length
about two feet, into a rectangulér shape and a smooth finish
®as given by grinding over the central nine inches or so, of
the beams, The finished dimensions of the beams were o; the

°rder, total depth 0,25 inch, total breadth 0,40 inch. The
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| bendlng tests were carried out in the manner illustrated

| by Fig.l. The beam was nlaced on supports five or eight

inches apart and a couple G was applied as shown, Great

 care was taken in the applying of load to the pan when the

é beans were in a highly stressed condition., The method used

% was to lower the welghts on with a spring balance attached
itO'a kathetometer, thus very small increments of couple

could be given to the heams 1f desired, also the load was put

- on much more gently than could have been done by hand. The
irounded knife edges were lubricated and the deflections
zproduced by increasing couples were measured iln earlier

étests by means of a telescope reading on to a scale placed
?mid-way between knife edges. One scale dilvision was 0,01 inch
fand this was subdivided into 40 by means of a scale placed in
féthe eyeplece of the telescope. One eyepiece scale divislon was
thus equivalent to 0.00025 inch.

Fg. 2a represents a tensile test carried out on
%the material, strained up to the completion of the yield=point
’and no more. The material éhowed almost perfect elasticity

’UD to a stress of f= 18,5 tons when the strain was 56.0
extensometer divisions on an elght inch length or 0.14 per cent.
%At this stress the material yielded sharply giving a permanent

i 3¢t of 0.17 inch or 2,2 per cent, that is, !6 iimes the elastic
jextension at the yleld-point. The modulus of elasticity for

the steel was 29.9 x 106 1bs. per square inch. A prepared beam

0f the same material was now subjected to the pure couple bending,
‘the curve obtained by plotting couple against deflection 1s shown
in Fig. 2b, The dotted line is the modulus line, calculated from
the tensile modulus of elasticity and the accurate dimensions

°f the beam, total depth 24 = 0.2481 inch, total breadth

b = 0.3933 inch. From the ordinary elastic theory of bending, the

gcouple Pqu}red to produce yleld-point stress in the outermost fibres

L H .
s ‘#34'“ and the deflection A is then _OI:ZLTC—

zThese values are shown in Fig. 2b as the point A, Figs. 5 and 4

%repréﬂent similarly tenslon and bending tests carried out on
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different lots of materlsl., Tt 1o quite evident from the
curves ghnown that the heams do not suow a yileld-point when the
outermost fibres have attained yield-point stress, also

under a larger bending moment the beams show a yielding, or
more truly a buckling, which, however, 1s not necessarily
sharp but is anticirated by much creeping. Another obscrvaticr
made was that the beams always showed an elastic limit lower
than the elastic 1limit in direct tension and also it was
noticed that the curvature of the highly stressed beams did
not conform to the true circular arc. The nortion of the
beams bhetween knife edges, Just befcore buckling took place,
could be seen to have a greater curvature at one part than

at another, the effect belng a sort of whale-backed appearance.

()

directed to a paver published by Sir. Alex. B.7W. Xennedy F.R,S,

At this point of the research attention was

in which reference 1s made to experiments nerformed 35 vears
earlier and new exneriments are described showing how the
calculated maximum stress at the yvield-point observed in a
bending test depends on the cross section of the steel beams
used. If the maximum stress in the material, when a yield-
point is observed in bending, be calculated from the applied
bending moment, uslng the ordinary tuneory of bending, a much
higher value 1s obtained than that given by the material

when subjected to a simple tensile or compressive test. For
example, the ratio of the yield-point stress, calculated from
A bending test, to the vicld-point stress found from a simple
tension test is given as 1.98 for a bar of square section
Placed on edge, and 1,55 for a certain rectangular bar. This
exaltation of the vield~point is accounted for in a general
%2y (1n the paper referred to) by supposing the less stressed
Material near the neutral axis to give support to the more
Stressed, Tt will be shown, however, in what follows, that
this increase in yleld-point 1s merely apparent; some material

In the outside fibres of a bent beam ylelds when the stress, as
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calculated by the elementary theory of bhending, reaches
the yleld-point stress as given by a simnle tension test,
bul. there la then a new distribition of stress which
necessitates modification of the elementary theory and
masks the inltial yielding of the beam.

The properties of annealed mild steel as
revealed by a simple tension test will first be considered
and the test used for Fig. 2a wlll be taken as an example,
As has already been mentioned the material yvielded at a
stress of 18,5 tons per sq. inch when the elastic extension
was 0,14 per cent, and the extenslon at the yield-voint
was 2,2 per cent or about 16 times the elastlic extension,
Now under compression the material would give a yield-pﬁint,
as well deflned as the tension yleld=-point, at the same
stress of 18,5 tons, and it would also similarly contract
2,2 per cent. at that stresg% Also the modulus of elasticlity
would be the same in compression as in tension., It 1is
laportant to remember the manner in which yield takes place
at the yleld-point. Suppose ABCD (Fig. 5) represents a
slice of material subjected to yleld~-point stress f, and
suppose yielding starts at some point P, A very small
portion of material at P becomes incapable of withstanding
the stress £ until 1t has stretched 2,2 per cent { as the
result of shearing along planes at, say, 45 degrees.) A
very tiny portion of material at P will first yield by 2,2
per cent, the long fibres AP, BP, contracting elastically
by amounts so small that no appreciable change results in
the stress f along AB. The ylelding at P will, however,
Cause a redistribution of stress in the material surrounding
P, such that particles adjoining P will temporarily be
SubJected to rather greater stress than f, so these adjoining
Particles will yield, by 2,2 per cent, and the actlon will

be transmitted piecemeal throughout the material,



Reference may be made here to a paper on the 'Transition from
i'the Elastlc to the Plastlic State in Mild Steel' by Messrs,
Robertson and Cook which was transmitted to the Royal Soclety
| by Professor J,.E, Petavel F.R.S@3> -In thls paper exneriments
are described, in which the pull applied to a tension speclmen
| waé automatically reduced as the specimen yielded, with the

? result that a reduction of about 25 per cent. ( 17 to 36

; per cent.) was found possible in the total pull applied, without
E stopping the yleld which had started at the yleld point.

- This was Interpreted by the authors to mean that a stress 25

E per cent belqw the yleld=polint stress was required to Xeep the
} material yielding, when in the transition state between b and
i ¢ Fig. 5, but the piecemeal character of the ylelding must be
2 remembered. At any instant of time during yield the amount of
g material in the transition stage must be negligibly small,

% the material is either in the original elastic condition or

i in the fully 2.2 per‘cent. stretched condition; and it is not

% difficult to picture a 25 per cent reduction in the total load
2 glving a varying distribution of stress with a peak value equal
" to f, at points where the material is ylelding, provided

% allowance be made for the fact that both material which has
%stretched its 2,2 per cent., and material in the original

% elastic condition may be under less stiress tﬁan f.

| Now consider a rectangular rod subjected to

- the bending produced by a pure couple. The couple may be
Increased until the outer layers of material are subjected

to yield-point stress f, then at some point P or P', Fig.6,
& Uiny portion of material yields 2,2 per cent., an extension
on the convex side and a céntraction on the concave side.

- This yielding will spread piecemeal across the surface and

| inwards towards the centre of the beam. Now the beans which

i had veen used in the bending tests had been glven a bright

? Tinish by the final grinding in their preparation and
3‘1n8pection revealed that the upper and lower surfaces had a

E network of wrinkles which could he seen to be concave on the
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upper of convex slde and convex on the lower or concave side
also insnection of the sides of the béams revealed that the
wrinkles diminished in size as the neutral axlis was approached,
~ giving rise to a wedge like appearance. The next beam to te
tested wasg then given a highly polisghed finish by rubblag wilth
very fine emery paper and then when 1t had heen bent even a
small way beyond yleld-point stress in the outer fibres, the
formation of wrinkles =nd wedges could be watched. As the
counle was incréased the wrinkles became more numerous also the
wedges hecame deeper. In the earlier stages of the overstraln
the large central depth of still elastic material comnelled the
beam tp retain its circular shape, the overgtrained material,
(the wrinkles), was regularly distributed across the‘whole
length of the outer fibres bhetween the points of support. But
for great overstrain the overstrained material grew more at one
part than at another, glving a greater curvature to that part,
the shape of the beam then assumed the whale-backed appearance,
and finally the hean yiglded,or rather huckled, at the hlghest
portion of the whale-backed curve. A photograph of these
wrinklesg, which shou1d~ﬁerhaps be described as Luders' lines
produced by bending, 1s shown in Fig.7.

With very great overstrain, the wrinkles, except
on the vertical sides of the beam disappear, the surface becoming
smooth again as all the material there is then in thé overstralined
Condition.

A rough estimate of the amount of overstrailned
material present at any stage during overstrain may be made as
follows. Suppose the applied couple has been increased until
some material has become overstrained in all layers heyond Iq>
F13~5’ The dlstribution of stress across‘the section may be
88 11llustrated by OABB' (with a similar figure for compression
below) The strain at y1 may be taken to be the elastic strain
4t the yield-point, ( all the material up to yi ls elastlic, -
.14 per cent according to Flg. 5 ), while outside y, the strain
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ig partly 2,2 per cent and partly 0.4 per cent. Yow take

. the case when Iy = d/2 =andé say the aversage sitraln at the
outsice fibre 1s double the yleld-noint strain at Y, Viz.,
0,28 per cent. If L‘ 1s the length of elastic materlsal in

the outermost fibre and L, the length of materlal there

g which has stretched 2.2 per cent. then
| ' O 14 1t g
‘L. (’+ /oo>+ Lz (l+ /oo) (L -’-Z' )< /oo

giving L2 about 1/14th.'of the total 1ength‘between supports.
Coming in from the outermost fibres of material,
smaller and smaller proportions of oversirained material will
exlst, until at y, = 4/2 from the neutral axis the materilal
1s entirely elastic. Even with the iarge anount of oversgirain
assumed there 1is only about 1/28th. of the heam in the
overstrained conditlon and the whole central half of the hean
1s entirely elastic. Even in a beam which has completely
vielded there is a large amount of unstrained elastic materlal
% in all layers of the bean.,
| In the experiments described in Sir. Alex.
Kennedy's paper the stress in the outer fibres is calculated
in that paper by the ordinary formula for the bending of beanms,

viz, (see Fig. 6) »
s, . II
, Ay .
- ziéﬁ,?' ] foz,.

. where f' 1s the stress in the outermost fibres (assumed elastic)

(A)

and I is the second moment of the cross section area, But if the
applied couple G is larger than required to bring the outer

fibres to yield;point stress f, then this formula must be
replaced by

f; ?wﬂj+z‘f [ ks e

For the case of a rectangular beam { 2b x 24 ) equation A

becones . @, %‘,f'ﬁdﬁ
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snd equation B becomes

- If we assume that the yield™point observed in a bending test
~occurs when the couple G 1g large enough to make y, very small,
‘then, neglecting Qéf the yleliing stress f' calculated by
the wrong formula 1s !'.,5 times the actual yleld=-point stress f.
g Sir. Alex. Eennedy finds by experiments with rectangular bars,
| 1,37 to 1,58 for thils ratio,. Similarly for the case of his
- beam of square sectlon placed on edge, equations A and B give
' the ratio f£'/f = 2, which agrees well with the 1,98 ratio
} got by experiment. In the case of a beanm of circular cross
~ section the ratio f'/f is 16/31 or 1,70, These ratios,
1.5, 2, 11,70 for square on side, square on edge and circle
E respectively, were given by W.H. Thorpe irn a letter to
% 'Engineering' of date June 29th. 1923, but Thorpe's assumption
f that the material is stressed well beyond the yield-point in
g tension and compression right up to the neutral axis is
f Uunnecessary. A beam has ylelded largely when the overstrained
§ material represented by the 1ittle wedges at P and P', in Fig. 6,
é has reached the neutral axis; and this occurs while there 1is
i st11l a large amount of material in the originall unstrained
; elastic condition, the reméinder of the material belng stressed
g Just beyond the yield~-polnt and no more. | |
It would not bhe easy to develop an accurate theory
- which would glve the deflectlion of a beam subjected to an
Overstraining couple, owing to the casual manner in which the
oversirained material represented by the little wedges P and P'
°of Fig. 6 will form and grow. The distribution of strain in
the neighbourhood of a wedge can hardly be taken as linear, and 1t
1s not even necessary that the stress distributlion should
Fémain of the form illustrated by OABB' in Fig. 6. Under a
glven couple a wedge might grow deeper than it ought to, B'

Peing lowered; in which‘case the stress in the outermost fibres

"ould be reduced,B golng closer to A, In order to get some

¢omparison between theory and experiment, the stress distribution
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" may be supposed to remaln in accorcdance with OARBR! [that is,
the applied overstralnirg couple G may be taken to be
7‘25%(¢f‘2%?‘) for the case of a rectangular beam |, and
deflections can be caiculated for an entirely elastic bhean
of depth 2y’, with stress £ on its outermost fibres, The
actual deflections of the whole beam {(depth 2d),due to the
constraint of the mixture of elastic and overstrained material
will be less than these calculated values,
The theory may now be applied to the curves
*{ already recorded, Figs., 2, 3 and 4, but a new series of
_; curves were taken which will illustrate the point fully.
” A test plece of annealed mild steel, cearbon content 0,19
per cent., 1% inches in diameter and 22 inches long, was cut
up by very careful milling and grinding into six beans.
Four of the beams had for finished dimensions, total depth =
0.250 inch, total breadth = 0.350 inch. The beams were
placed on supports five inches apart and a couple G was
applied. The curvature of the stressed beams was now
Deasured by observing , with telescope and scale, the tilt
of two 1little mirrors placed one inch inside the knife edges.
The scales were placed 200 and 207.5 cms. from their
respective mirrors. This provided a more sensitive method
of measuring the curvature and also since the curvature of
the central three inches alone was measured, any effect on the
beams,due to the reaction of the knife edges,was obviated.
From the curvature the deflection of the mid-point was
calculated. The deflection of the mid-point against applied
Couple is plotted in Fig. 8, Curves a,b,c, Fig. 8 were
Obtained from three of the besms. Curve d, Fig. 8 was
Obtained entirely by calculation. A simp{gigiég of the
Material employed gave a well defined yleld=point at a stress
\ T of 6.5 tons, with a permanent extension at the yleld-point

6
°f 2 per cent, and a value for Young's modulus E = 31,1 x 10

1lbs,

ber square inch. From the ordinary elastic theory of

bending, the couple required to‘gggguce yleld=point stress 1n

the outermogt fitres 1s G = 3 and the deflection
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is then[ke éﬁ;j . These values glve point A of curve
“ .
Fig. 8. The othier noints of thils ciwrve are obtalned hy
g J
gubstitutling varlous values fTor y in the equatlions
/"JLL ‘}"l 1 i LJ
¢ (k) a =i
2Ey,
o

The agreement between theory and experiment 1s satiafactory;

n o

thie experinmental delflectlonsg are rather less than the
calculated ones, 1ir accordsance with expectations. The
value for the modulus of elasticity given by the hending
experiments agreeg wlth the value glven by the tension test,
but, as has already heen stated, the bending curves always
showed a decided departure from Hooke's law hefore the
yleld™point of ithe material was reached in the outer fldres,
but, however 1t is scarzely to be expected that the assumptions
made 1n the elementary theory of elastlc heading, with regard
to the freedom of loagitudinal fillaments to contract laterally,
the anti-clastic curvature of the beam being neglected, and

5

1 b - » 4 t - )
with regard to the applicatlon of imaginary body forces'

should holad right up to the yield=»noint of the material.

The theory may be extended to meet the case of

a centrally loaded bean and since an experinental curve of a

centrally loaded beam was renroduced in Sir. Alex. Kennedy's

Paper,together with sufficient data, the theoretical curve

can be calculated and compared with the experimental one.

The curve glven was for the case of a
rectangular beam, depth 2a = 12 inches, breadth 2b = § inch
Placed on supports 24 inches apart. The bending moment
varied along the length of the bar, the distribution of
8tress belng as 1llustrated by the various flgures such as
OABB' on the inset dlagram of Fig. 9. The beam may thus
be considered in two pa}ts, a central portlion where some
OvVerstrained material exists in the outer layers, and the
®nd portions which consist of entirely elastic material,
The deflection due to the central portion will be somewhat

lessg thanlleobtained by assuming that the curvature at any



noint is flxed by tue Interlor entlrely elastile moterisl

o
—
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€23

(of depnth ?y,). Tae dﬁflectioﬂlﬁy due to the elasitlc
of the beam may be got from the ordinary elastlc Lheory of

P

. bendling. Detalls of the mathematlics whiash are of some

length, need not be given., The result is as follows

"I e 2 bt
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But 5ir. Alex. Xennedy plots deflection against a fletitious

stress {(say f ) In the outermost fibre, got by applyling the

ordinary elastlc theory of bhending. This stress Iy is equal
3 VVI_

» hence J

A E"f‘ !)\/7 (3- ?ﬁ)z
AZ,L?[& d2F)

Taking the aonroximate dimensions glven above for the
rectangular beam used and the values f = 44,000 1bs, per

Square inch, found by direct tension experiments, values

fOI‘A =A‘+A2' were calculated from the above equatllons

for various values of ft’ and the results plotted to glve

curve b of Fig. 9. Curve a of Fig. ¢ has been copled from ¥
the figure in"Engineeriné'showing the experimental curve,

The marked increase in the modulus of elasticity shown by the
bending experiment is aifficult to account for except perhaps
1t may be due to the accurate dlmensions of the beam not

having been glven, Curve c Fig. 9 1la the theoretical curve
taking for the modulus of elastlcity the value shown by

the bending experiment, 32.5 x 10° 1bs. per square inch.

The agreement between the calculated and experimental curves

18 very good, but of course it must be remembered that in the
tase of central loading, the mixture of elastlc and overstrained
"8terlal only affects the part [\ of the total deflection

D
iﬁ%flotted in curves b and ¢ of Flg. 9.
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Part Two: THE BENDING OF STEEL OVERSTRAINED BY TENSION,

The preliminary experiments 1n this work were
carried out on different lots of half inch annealed mild
stéel rod, similar 1a kind to the material used in part one,
A tension test on a two fool length of rod
showed a sharp yield-point at a stress of 17,5 tons, with
a permanent. extension of 2,5 per cent. This test plece,
now in the freshly overstrained conditlion, would not obey
Hooke's law in tenslon nor in compresslion and a bending test
carried out immediately after the tensile overstraining
showed the poor elastlcity of the freshly overstrailned
material. The rod was nlaced on suprorts eight inches apart.
The deflection of the mide-noint of the rod was measured
with telescope and scale. The curve obtained is plotied in
Fig. 101s, Creeping was detected from the beginning and
time was allowed for the creep to slow down before increasing
the bending moment. Another length of annealed rod was
taken and a tensile test on it showed a sharp yleld=-point
at a stress of 18,5 tons with an extension of 2.5 per cente.
Recovery from overstrain was effected by boiling the rod in
water for ten minutes and a bending test was performed on
this recovered overstrained material, The curve obtained
is plotted in Fig. 10b. It 1s seen at once that the
recovery from overstrain has distinctly hardened the material
2180 creeping could not be detected until the beam was
highly stressed. Another length of annealed material was
Subjected to tensile stress and a sharp yield-point was
Obtained at a stress of 18,7 tons. The material was boiled
in water to effect recovery from overstraln and was returned
to the testing machine when a new sharp yield-pOint was
°bta1ned at a stress of 23.2 tons, The test-plece wag again

bolled in water and another tensile test was performed.
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A sharyp yield* polint now took place at a stress of 27.2 tong,
The highly overstiralned test-plece was again boiled in water
and agaln returned to the testlng machine, The yleldenoint
occurred this time at a stress of 32,2 tons. These tenslle
curves are plotted in Fig. 11, The yield-noint has been
ralsed by steps of 4,5 or 4.6 tons and had the testeniece
again beén pulled after recovery, a yield-=pnoint would have
occurred at a stress of(32,2 + 4,5) = 36,7 tons stress,
although very likely fracture would supervene.

Now a fresh length of annealed rod was pulled
and a sharp yield“point wag obtained at a stress of 18.7 tona.
After recovery from overstrain this material was in a conditlon
to give a tensile yleld-point at a stress of{ 18,7 4+ 4.5) =
23,2 tons stress. Another annealed rod was pulled and a
vleld-point was obtained at 18,0 tons stress. Recovery
from overstrain was effected and on restressing a new
tensile yield~noint was obtalned at 22,5 tons stress,
(18,0+4.5). This test-piece, recovered from overstrain
was inta-condition to give a tensile yield~point at

27.0 tons stress, These two overstrained test=pleces,
together with an annealed testjpiece, were machined into
approximately rectangular beams. The three beams were
then subjected to bending tests. The three curves obtained
are plotted in Fig. 12. Curve a is for the annealed material,
curve b 1s for the material which has been given one overstrain,
&nd-curve_g la for the twice overstrained material. The
annealed beam whale-backed and buckled similarly to the
Other annealed beams but the overstrained beams in bending
Preserved their circular curvature even when highly stressed
and the test was stopped when the curvature had become very
Breat,, The overstraining has increased the resistance of
the steel to bending but the degree of overstraining,
followed of course with recovery froﬁ'overstrain,has not

Talsed the elastic 1imit to bending.
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Now at this polnt of the Investlgatlon attention was
directed to a naper by W.,A, Scoble B.A, in which it was
suggested that the outside and central portlons of a
permanently stretched bar mignt be in very different
overstrained stategs, In order to test thls matter,

two large bars of carefully annealed material were
obtained from Dr. Andrew McCance of the Clyde Alloy

Co. Ltd. The bars were each three feet long and two
inches in dliameter, but they were turned down to a dianeter
of 1,5 inches over the central 22-inch length. The ends
were cut off from one of these bhars, and the central

length was cut into six heanms. Three of these beans,

one of which was from the central portion of the large

bar were used in the final tests in part one, (Fig.&).

The three curves are not identical but it must be remembered
that annealed steel when tested by bending ultimately fails
at a more or less casual load due to the growth of wedges of
overstrained material, The second bar was placed in the
100- ton testing machine of the Mechanical Engineering
Department of the Royal Technical College, an 8~-inch Ewing
extensometer was applied, and the stress-strain curve a of
Flg. 13 was obtained. A well defined yield=-point is shown
al a stress of 16,5 tons, the bar stretching nermanently

by 2,0 per cent. at that stress. The bar was now removed
and recovery from overstrain was effected by heating to

100 C. for a few minutes. It was then replaced in the
bteStin& machine and ¢ well defined yleld-~point was now
Obtained at a stress of 20,5 tons stress. The extension

at this second vield-point was only 1.25 per cent. The

load wag increased to 21.25 tons stress when the extension
¥&8 1,50 per cent. The yleld-point had thus been ralsed

by OvVerstrain and recovery from overstrain by a stress of
4.0 tone, The bar was agalin removed and recovery from
Verstrain was again effected by boiling in water., On
Te8tressing the bar a new tensile jield’901nt occurred

,’at & stress of 25.25 tons. The yleld-point had thus been

e
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raiged by & second increment or gtep of 4,0 tons stres

¥ :\

4

o further tensile coverstrein was atlemnted, 8o the material

i

f the har, alter rebovery from overstirsin, was 1n 2u
elastic condit’on which would glve a yleld-noint in tenslon
at 29,25, (25,254 4.0), tons stress, The oversirasined
tegteplece was cut up into six heams, as illustrated by the
inset diagranm of Fig. 13, and 1t may be stated here that no
difference was found in the beams cut frowm the central end
outside portions of this testepiece,

The problem now arises as to how thils
overstrained materiel would yleld under compression,
Considering the larsze test=nlece Jusgt described, the
original annealed material would glve a well*defined yleld~
point under compression at 16.5 tons stress, exactly the
stress of the primary yleld=point under tension, also the
contraction at that compressive stress woyld be by 2.0 per
cent,~ the primsry yleld~point exteusion. But would the
material, hardened by tensile overstrain yleld under compression
~at a greater or at s less stress than the primary yleld-point.
Possibly no well-defined yield-point might be given by material
hardened by tensile overstrain. In the paper Jjust referred to,
'On the Overstraining of Iron by Tension and Compression', the
Suggestion was made that, when steel is hardened by tensile
Overstrain, followed by recovery from overstrailn, two distinct

effects may be produced:-

(0 The application of an overstraining load in tension
may harden the material equally as regards reslstance
to both tension and compression.

!

\2)

The process of recovery from tensile overstraln, which
81111 further strengthens the material as regarde
resistance to tension,(ralsing the yleld-point by a
definite step above the overstralning stress), may
Weaken the material as regards reslstance to compression,
(lowering the compression yleld=point helow the

overstraining load by the name stenl.
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Taking,for exanple,the large btost=niece, nil the third overstrain

the material ylelded at 2 strecs of 25.25 tons, Fig. 13,

s}

-

with a stretch of 1,% per cent, Now the theory just exrounded
states that this materiel in the freshly overstrasined state
would stand a tensile or compressive stress up to a stress of
25.25 tons without showing much further pvermanent set. Now
on effecting recovery from overstrain,(by heating to 100° ¢,
for a few minutes) then, as 1s well %nown, the material
under tenslion would show nractically perfect elasticity up
(2525 +4)

to a stress cof 29.25 tons at which stress a definite yield=-point
would be obtained. The sugzested theory states that under
compression this material would remain elastic up to a
compregssive stress of 21.25)(2?.25 — 4), tons stress, and at
this stress a definite yield polnt would be obtained. The
recovery process belng supposed to result in the applicatlon
of an internal compressive stress of 4 tons stress, Now in
the paper referred to , the experiments indicated that the
suggestion was approximately correct, but the experiments
were by no means concluslve. The difficulty lay in
conducting satisfactory compression tests, In only one
experiment, and that was with annealed material, was a really
well-defined yield point obtained. At all other yield-noints
In compression the stress=straln curves were rounded, and with
material which had been subjlected to tensile overstrain, the
compression yleld~points were always 1ll1-defined. However
the assumption will be made that the above suggestion 1is
rigorously true so that the material overstrained in tension
28 1llustrated by Fig. 13 would be in a perfectly elastic
state walch would glve a yleld~point in tension at 29.25,
(25,25 +4) tons stress, and in éompreséion at 21,25,
(25.25 — 4)tons stress.

In order to find from theory the graph which
8hould pe obtained by plotting the couple applied to a
Tectangular beam {2L x 2b x 2d) agalnst the central deflectlon
Produced, for the case of material having a yield-point in

:tensl°n at 29,25 tons stress and in compression at 21,25
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tons stress, it 19 desirable to take the loading in three
stages. First, the graph ig 2 straight line until the
stress on hoth outside layers is 21,25 tons stress. During

: ; 4P ld*
this stage the couple 1s given by (- —

where [ 1s
the strese on the outermost fibres and the radius of
curvature of the heanm 1g given by R= E%? where E 1is Young's
modulus for the materisl. The central deflection A 1is )
obtalned from‘ZTllzL? « The point marked (al on Curve A

Fig. 14 was obtained by substituting in these equations the
values 2L = 5.00C inches, 2b = 0,350 inch, 24 = 0,250 inch,

f = 21,25 x 2240 1lbs. per square inch, E = 29,9 x 106 1be.

per square inch, the value found from Fig. 13.

During the secohd stage of the loading of the
beam, some material has ylelded in the outer fibres on the
lower compression side of the beam, while the tension side
remains quite elastic until the stress on the outermost
tension fibres is 29.25 tons per square inch., The
distribution of stress across the sectlion of the beam will be
as shown at (a) in Fig. 15. The neutral axis moves up from
the centre of the beam by a distance z, which can be found from
the condition that the two shaded areas must be equal, so that
there may be no resultant force on the section.

Taking the end point of this stage, when the
stress on the outermost fibres in tension is { t+ s ) say,
where t is the overstraining tenslle stress applied to the
original bar of material { 25,25 tons per squsre inch) and
8 1s the step between successive yield-points (s = 4 tons
Per square inch), then {t-s) is the stress on a depth x
of mixed overstralined and elastic material on the compressive
8lde of the beam and }:E‘-s;-oc y Kz Z'ZS—"O(’ . The couple
for this qistribution of stress can be found by adding the
Woment, g about O of the two shaded areas; and the radius of
CUrvatyre of the beanm may be assumed reasonably to be

®itirely controlled by the wholly elastic upper portion of
, . €+ '
the beanm, and so to be given by E (.CL 1")/( ) . The

1
Lo



second noint, marked {(b) on curve A Fig. 4, was found
in the manner Jjust explairned and renresents the end of the
second stage in the loading of the heam. During the third
stage in the loading the stress diagram will be as
11lustrated at (b) Fig. 15, Othejboints on curve A were
found by choosing any depth y fer the mixture of overstralned
and elastic material on the tension side of the bheam, then
finding O the position of the neutral axis (which gives the
shaded areas equal) graphlcally by trial, or by calculation.
The couple G 1s then found by taking the sum of the momentis
of the shaded areas about 0; and the radius of curvature
(and so the deflection A ) of the beam can be got from elther
e EOY €*+s) orr- E-O (};—5), , nezlecting any constraint
applied by the seminlastic top and bottom layers. The
theoretical curve A Fig. 14 obtained in this manner just
explained, agrees only moderately well with curve 2, which was
obtaiﬁed Trom the experiments on the six beams cut from the
steel rod overstrained in accordance with Fig. 13,

With regard to the experiments performed by
bending the overstrained heams, the curves obtained with
four out of the six béams were in almost perfect agreement,
in spite of the fact that 'ereeping' takes place as soon as
the elastic 1limit 1in compression is passed, so that the
Observed deflections depend to some extent on the time taken
Lo perform the experiment. The tlme taken varied, in the
case of the four beams, from 3¢ to 65 minutes, yet the
a3reement was so good that only one curve No. 2 has been
drawn, uslng observations taken at randonm from the four '
eXperiments, In order to test the effect of time on the
Girve obtalned, the fifth beam was loaded at great speed,
lonly £1ve minutes taken as against 30 to 65 minutes), so
that ultimately, at higher loads, rapldly moving telescope .
8¢ale readings nad to be taken. Curve 2' Fig. 14,obtalned
from thege ranid observations, differs appreclably from
CWrve 23 but, the final losding soon equalled the deflection

“bserved with slow loading, and in 15 minutes (when the






crecnlng wWan Vory Y, The curve obibalned
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slightly »elow curve 2, ao doubt due to faulty machinlng
which had previously heen detected when measurloy Ylie beam

by micromeier screw

Since the agrevient between curves 2 and A,

~

Fig., 4, was not good enodugh Lo Jusiify the assumption of
well defined yield-points at 29.25 tons per sg. inch in
tenslon and 21,325 tons per sg. Inch in compression, and gince
direct compression experinments had always shown that steel
overstirained in tension did not give a welledelined yield-

point in compresslon, 1t was decided to try 1if bhetter

<

agreement between theory and experiment could be got by
assuming a curve such as 11 Fig, 16 {instead of 1), to
represent the ylelding of overstrained steel under compression.
Curve 11 is similar in shape to the direct compression
experimental curves 3 and 4 of diagram 111 vage 286 of the
'"Proceedings of the Royal Soclety' for 1906, and it was
drawn 8o as to leave the strailght Hooke's law line at 17
tons per sq. inch, since this was Jjust about the stress at
which curve 2 Fig. 14, shows departure from perfect
elastic bhehaviour. The theoretical curve marked B in Fig.14
wag ;btained from curves 1 and 11 of Fig., 16 in a manner
(11lustratea by b Flg. 16} similar to that already
described for finding curve A from curves i and 1 of Fig. 16,

A depth a -for the mixture of elastlc and
Overstrained material on the tension side of tine beam was
first chosen, then the point A was marked where BA 1ls the
€lastic strain corresponding to the stress of 29.25 tons,
Next, the position 0 of the neutral axls was found graphically
by one or two trials, so as to make the shaded stress~diagram:

8r68s equal, The lower area was found by drawing AOC (the

"iraln line, plane sections being supposed to remain plane),

Hnding tpe strain DC on the outermost compression fibres and

from curye 11 the stress f {or DE) on these fibres.



The siressas Line FO was prodiced Lo 3, so that the nmaxinum

elastic siress on the compression side was 17 {ons per sq.

inch, and the curve Jolning & and E

1

was readily found Trom

curve 11l. After O had heen fixed, ziving the shsded areas

e &)

equal, the counle was calculated by dividing the siress areas

=

into parts and finding the sum of the moments about 0,
The radius of curvature of the beam was found from E.OB/RF,
where E 1is Young's modulus, and the central deflection goi
from the curvature, Curve B, calculated In the manner just
explained, 2agrees with the experimental curve No, 2, Fig, 14,
much better than curve A, To get more perfect agreement still,
a curve of the form indicated by 111 in Fig. 16 would require
to be assumed as the compression curve for the overstrained
steel, and curve 111 is st111l similar in shape to curves got
by direct compression experiments. J.A., van den Broek{éf)work
showed that the compression vield=point,obtained from
recovered tensile overstrained material ,was always rounded the
elastic 1imit occurring at about the same stress as in the
original annealed material.

The conclusion of the matter seems to he that
mild steel overstrained in tension does not give a well~defined
yield=-point, in compresslon., The bending experiments, however,
8lve support to the suggestion, made in 1906, {as the result of
direct compregsion exveriments) that steel hardened by tensile
Overstrain t and recovery from overstrain yields under tenslon
at (t+5) where s 18 the step between successive yleld-points
(in tension op compression), not sharply but gradually, at
about the stress (tes). Thus tensile overstrain can
Strengthen steel very conslderably as regards resistance to
tension, compression and bending, {compare curves 1 and 2 of
Flg. 14, It is only when the tensile overstrain is small,

less than o above the primary yleld-point stress, that the

Daterial will be weskened in compression.
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THE OVERSTRAINING OF STEEL BY TORSION.
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Then elastlc material ils sublected to a simple
pull of Intensity », the stress on an element of material mey
be resolved into two normal stregscse pSinfe, pCo&gennd a
shear stress pSingd.Cosf, as illustrated by Fig 12, If the
pull be 1lncreased so as to oversirain the material, yielding
takes place under shear and will begin along »nlanes at 450,
for which direction the shear stress has ite maximum value
p/2.

If a clrcular rod of elastic materisl he
subjected to torsion, the materlal is under a simple shear
stress, varying in intensity from zero at the axis to a
maximum at the surface of the rod. If the applied torque
be gradually increased, yielding under torsion might be
expected to take place, when the shear stress q, on the
outer fibres, reached the value p/2, one-half the stress at
Which the material would yield under direct pull,

Pig., 2 1llustrates tension and torsion tests

on half-inch rods of the same well annealed steel. Curve
A shows the torque aprlied in inche~pounds plotted against
the twist produced measured in degrees on an 8=inch length;
While curve B glves the tensile stress applied to another
8pecimen, plotted against the extension produced, measured
In extensometer scale divisions, The scales adopted for
Plotting curve B are such that the stress scale for curve
B also represents in curve A the shear stress in the outer
fibres of the torsion specimen, up to the elastic limit;
&d the strain scale is such that the tangente of the
ilmlinations of curves A and B to the axis of strain are
' the ratio of the rigldity modulus to Young's modulus
Tor the material. )

It will be noticed that the torsion test

8lves apparently a yleld-point at a stress distinctly i




nigher than 9.!' tons per square inch fone half the tension
yleld=poini stress), The object of thile paner 1g to explaln
éﬂus apparent discrepancy between thecry and exneriment; and
the explanation given is an extensién to the case o torsion
of the theory already glven for the case of bending in the
submitted paper on the hending of steel.

CQnSider first the properties of steel revealed
by the simple tension test., Curve B shows that the steel in
question exhibited very perfect elasticity right up to the
yield'point atregs of 18,3 tons rer square inch. The elastic
extension at thls stress was 0,14 per cent. The large
permanent extension whilch occurved at the yield=-point was
2,0 per cent. or, say, 14 times the elastic extension there.

It is lmportant to remember the manner in which
the permanent yleld ate the yieldﬁpoint takes place. A very
small portion of material at some point P,Fig. 1§ becomes
incapable of withstanding the yleld-poinrt stress, until it has
 siretched by 2 per cent. (as the result of yield under shear
at 45°), This extension of the small portion of material
ab P will cause the long lengths of material AP, BP above and
below P to contract, but the'contraction will be so slight
that there will be no appreciable change in the stress along
AB.  The vielding at P,however, will cause a redistribution
of stress in the material surrounding P, such that particles
adjoining P will be subjected to slightly greater stress than
¥leld-point, stress; so these adjoining particles will yleld
'(by 2 per cent,) and the action will be transmitted plecemeal
throughout, the material.

~ Congider now a rod subjected to a torque Jjust

ﬁ‘mWficient to subject the material, in the outermost layer,
| 10 shear stress equal to one-half the tension yleld™polnt stress.
At30me point P , Fig.1b, in the outermost layer, the material

‘ul Yield by 2 per cent., and yielding will spread plecemeal



along the length of the rod and inwards towards 1ts centre.
I1f the ap»lied torque be gradually lncreased, litile wedges
of overstrained material will grow, in the manner roughly
indicated by Fig. 1b, zlving rise to Luders lines on the
surface of the har.

In order t: get an estimate of the amount of
overstrained material present at any stage during overstrain,
consider the torque to have bheen increased until some
material has been overstralned in all layers heyond y1, Fig. 1h.
The distribution of stress across the section may be as
illustrated by OARB'. Consider the snecial case y1'= a/2.

Had all the material remained elastic the shear strain 1in the
outermost layer would have heen double the shear strain.g at

Yy, from the axis. Of course, the material cannot all remain

1
elastic and he sublected to the stress 2q necessary to
produce the elastic strain €§' The outer layer of the bhar
consiste of elastic material straiﬁed by amount s and
overstrained material strained by amount 14s, . {The vrermanent,
extension at a yleld=point in tenslon with the materizl in ques-
tion was 14 times the elastlic extension there; the permanent
shear strain at a yield-point is also 14 times the elasﬂic
shear strain.) There will thus be only about 1/15 of the
material in the outermost layer of the rod in the overstrained
tondition, 14/15 being still 1n the elastic state, For other
layers down to y1 = a/2 less and less material 1s overstrained,
80 about 1/30 of the outer ring between y, and a is overstralned
and the whole of the central portion of the rod is entirely
slastic,

It is probably impossible to develop a theory
Whlch would give the twist of a rod subjected to an
OVerstrainlng torque, owing to the casual manner in which
| the overstralned material, represented by the little wedges

lh p1g. b, will form and grow. Tt is, perhaps not even

lecessary that the stress distributlion should remain of the

form 11lustrated by OABR', Under a glven torque a wedge



mght crow doonor Lo 1o to Toosrmened, Y Yolns Tavored,
in whichh ensg Uk otrasozs in the oubarrmo DLUme werld b
reducel, T Solng closor Lo A,

Tn ordecv, howvever, to gebt fome zcomonarison
between Lheory and exneriment, the stress distribubion onay
be supposed to remsin ln 2ccordance with OART': the annliel

overstraining ’0?“1“ 13 then given by

T . j / Y Arv M7 4 jw%, At AT
e 2 7y ("" ) }l3>

or (1)

The twlst nroduced may be supnosel to be that of tre

entirely elastic nortiorn of the rod {radius yy) when subjleched
to the torqgue corresvnonding to OA'R'. This twist, in

radians, 1s given by@ = ql/ny,, where 1 ig the length of the
rod and n is the rigldity modulus of the materinl. But Q ,

for any v, is most easily calculated from

9’560%;/, 849!

where 9 is the twist, found hy experiment, when the applied
torque 1s Just sufficient %o give the yleld-noint stress
9=0p/2 in the outermost fibres. Curve C, Fig. 2 has been
Plotted from values of T and & got by taking y1 = a, 0,8,
0.6a, etc., and substituting values in eguations (I) andv(II).
Thege equationas, of course, only hold after the outer fibres
have been raised to one-half the tension yield-poiﬁt stress,
1d before all the material in the outermost fibres has been
Overstrained, and so has become capable of withstanding a
greater stress than q = p/2 (one~half the tension yield-noint
8tresg), This last condition, however, involves enormous
OVerstrain, A comparisoﬁ of the experimental curve A

ad the theoretical curve ¢ shows that, at first, the actual
®irains are less than the theoretical. This 1s what might

Pe expected since the mixture of elastic and overstralned

~muer1al, in the outer layers, will act as a constraint, and

7mwvent the inner entirely elastlc portion of the bar



twisting as far as it otherwlise wonld. On the othier hand
curve A shows that the material has falled more suddenly
b theory. This

v

and at a lower stress thsn that olver

b

probably is to be accounted for by the casual manner 1n
which the overstrained material forms and grows from

point to point in the material of the outer layers.
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A sample of the nermalloy used in "loading'
the New York Azores cable having been obltained, 1t was
thought that 1t might be of Ianterest to have the wonderful
nagnetlc propertles of this alloy illustrated hy a simple
comparison with those of good soft iron. Of course, no
detalled account will be given here of the remarkable
properties of all the nickefiron alloys containiag more than
39 per cent. nickel. Thesgse pronertieg were discovered and
Investigated in the Research lLaboratorles of the American
Telephone and Telegraph Comnany and the Western Electric
Company, Incornorated, New York., and it will suffice here
to refer to one paper on permalloy by Arnold and Elmen,
published in the Journal of the Franklin Institute, vol., 195,
May 1923, in which the magnetic pronerties of permalloy and
of annealed Armco iron are conpared in detail.

The sample of permalloy whose properties are
11lustrated by the accompanying diagram contained practically
78.5 per cent. nickel and 21,5 per cent iron, there ﬁeing
Baid to be only traces of asome inevitable impurities, The
magnetic nroperties of the alloy may be described shortly
as follows, If properly heat-treated {the treatment
varying with the size and shape of the specimen) a magnetic
field as low as that of the earth suffices practically to
8aturate the alloy to a magnetic intensity comparable with
that of soft iron. The initial permeability (that 1s, the
Imrméability calculated when the magnetizing force tends to
2ero) is claimed to be thirty times that of the best soft
Iron, The magnetlc properties of the alloy are, however,
Very sensitive to strain; within the elastic limit the effect

of 8train disappears when the strain is removed, but permanent

é'Set causes s marked diminution of magnetic susceptibility
.
{

"™ich can only be removed by further heat treatment.
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The curves shown in the accomnanying diagram nay
now be descrited. They are I-H curves obtalned by the 01d
single~role magnetometric method, and they were checked by
nodifying the apparatus used and also by obtainlng BeH curves
by the ballistic method.

Curve A wag obtalned from a rod of very good
goft iron. The saturatlon value of the intensity of
magnetization is about T = 125C and the coercive force (CD)
about H = 1,5.

Curves B and C illustrate the properties of
the permalloy, Thie sample was supplied in the form of =a
coll of thin ribhon or tane, one=elghth of an inch broad,
and six-thousandths of an inch thick. To find the cross-
sectional area of the sample a measured length was weighed
in air and in water, The density of the material was thus
found to be 8,60 grams per cublic cm., and the section area of
the sample 0,00428 sq. cm, The coll was then stralghtened
against a wooden lath, placed in the magnetlzing coil and
‘the readings obtalned from which curve B has been nlotted.
Curve B thus shows the nroperties of the nmermalloy in the
Severely overstrained—cohdition produced by coiling and‘
Straightening the specimen. The properties resemble those
Of steel rather than those of soft iron. Saturation was
not reached even with a fleld H = 40, and the coercive force
(OE) required to wine out the magnetization was qulte large.

The snecimen waé néxt removed from the wooden
lath, annealed‘by simply heating 1t to redness by passage
tkWough a bunsen flame, and replaced on the lath; readings were
then obtained from which curve C has been plqtted. The
®lmple heat-treatment had sufficed to induce the striking
l8gnetic proverties of permalloy. A field as low as that of
the earth {less than H = 0,5) produces almost the saturation
Value for the intensity of magnetlzation T = 830, The

permeability (which may be taken as equal to 4yI1/H) 1s seen

to be very high for low fields, as coMpared with that of”



goft iron; and this high value extendlng down to zero fleld
gemonstrates the value of vermalloy ln felepnonic communlcnilion.
In order to verify the effect of overgiraln the
annealed sample wag wound on & s»nindle of dilameter one inchi,
This permarently tent the sample into a coll of about four
inches dlameter. This coill was stralisghtened on the wooden
1afch and a magnetlc curve for overstrained permalloy agaln
‘obtained. To avold confusion, this curve has not been
reproduced, 1t resembled curve B bubt indicoted rather less

overstraire.
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In the course of an investigatlion,snlch the
author 1s at present carrying out under the sunervision of
Professor Andrew for the Heterogenelty Committee 67 the Iron
and Steel Institute, into the ligquldus and solidus of
tparticular types of steel, the probhlem arose as to how to

overcome the difficulties met with in the aceurate measuremnent

of temperatures un to 1,60000, The Turnace employed to attain
high temperatures was of the ordinary wire-wound resistsnce type=
an alundum tube wound with molybdenum wire, A reducing atmogphere
vas maintained hoth inside and outside the furnace tube by nassing
a stream of cracked ammonla gas, as the presence of oxygen would
have caused the hot molybdenum wire to burn out immedlately.

The use of a »nlatinum platinume=10% rhodium thermocouple was ruled
0ut on account of the rapid deterloration of a thermocouple ,made
from these metals, when used at very high temperatures, more
‘eﬂmcially in the presence of gases,

Tungsten and molyhdenum have very high melting
Points, the former melting at a temperature somewhat over B,OOOOC,,
and the latter melting in the vicinlity of 2,40000. Since these
Betals can be supnlied economically in a very pure state, thelr
ﬂmrmo~e1ectric nroperties were investigated to determine thelir
suﬁability for high-temperature measurement. Alloy thermocouples
ire 1liable to change when used at high temperatures; therefore

ihe use of ‘pure metals was especially desirable. The reducing

Pllosphere used in the furnace permitted the use of tungsten

4 molybaenum,

Sultable lengths of these metals were nrocured
700 the Tungsten Manufacturing Co. Ltd., London, and 2 thermo=-
Eﬁmle was made, The Junction, of course, could not be fused;

k.
®ends were merely twisted round each other and pressed tightly

\u1pliers. This simple method gave no reason for

i
Bsatisfaction, and was always adhered to, a few inches being
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Caleouldted,
Temnerature. E.M.F, Temperature R
og, Millivolts, og, mmjfE
E- [0 = 04
R3 26
190 G 115 or 1115 I
204 75 215 or 1015 T2
204 .96 315 or 9215 1,034
=4 1.06
%67 1,15 1215 ~ L6
407 1.722 1415 - 1,24
485 1.34 '
BaT 1.27
586 1,40
615 1.40
638 1.40
AR 1,28
720 1.34
794 1.26
846 1.17
27 1,00
1060 LG4
1412 ~-1.22 1412 - 1»22;
1537 ~-2,09 15327 - 2,10




eut from thie nov Junction after every heat and a fresh Junctio

-t

made, Tne thermo-electrelc proverty wss thon cetermined un
to a temperature of abhout !,!OQOC,,by comparison with =
chromel-alumel thermocounle, T™io holes were drilled in a
gmall length of Armnco iron, and the two counles were inserted
side by =slde and thien placed in an ordinary ni-chrome wlre-
wound electric furnace. The ends of the furnace tuhe were

Plugged with ashestos wool, and a small but steady current of

v

A

tus was allowed to pass through tlie
T

3

hydrogen from a Xipn's appara

i

inside of the furnace %o maintain a reducing aimosvhere, he
temperature w=s ralsed by sultatle steps, the furnace being
adjusted to maintain as steady a temnevature as possible after
each sten., The respective LMW Fs. were read off fron s
Tinsley vernler notentiometer, In Takle 1 the temmeratures
obtained from the chromelnpluwel thermocouple are nlotted in
column 1, column 2 gives the corresponding E.M.Fs. in
millivelts of the tungsten-molybdenum junction. The
~callbration for higher temperatures was determined from heating
and cooling curves of Armco iron. The difficulties involved

In taking a heating curve for temperatures above ?,40000. were
LVﬂW great, for apart from the breaking down of the electrical
Insulation of the furnace tube, there was an electronic
emission from the hot furnace winding, a difficulty which was
nly got over by inserting the specimen and thermocouple in a
Nanged alundum tube along which a number of molybdenum wires
¥ére placed in the form of a grid. A heating snd cooling curve
°f Armco iron is reproduced in Fig. 1, the delta change point
PCcurring at 141200. and the melting point occurring at ’,53706.
iﬁm delta point 1s taken at 1,41200 since Armce iron contains

.ﬂmut 0,03 ner cent of carbon. The thermo~-electric curve

Plained 1g plotted in FPig. 2. A neutral temperature occurs

(0]
"out 615°C, | when the E.M.F. of the junction is 1,40 millivolts;

s, with the cold junction at 18°C., the reversal point will

0
"¢ in at 1,218 C. For temperatures below the reversal point
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molybdenuna 1s the clectro-posltive metal. The thermo-electric
curves for varlous tungsten-mclyhdenum couples were found,

in all cases, to follow very closely the graph of a2 gsimple
mathematical expression of the.type :}:(LPW where ¢ 1s a
constant and n ig a power very nearly equal to 2. In the
calculation of the equation of the curve, the origin was
transferred for the sake of gimplicity to the co~ordinates

of the neutral temperature and simple units used for x and y.
In the curve reproduced in Fig. 2 the eguation which fitted

in was };odobxz'thus the curve is paraholic.

In columns 3> and 4 of Table 1 the thermo-
electric property is calculated using the equation of the
curve also, by differentiating the equation the power of the
couple at various temperatures is readlly calculated.

At temperatures of 1,400°C., 1,500°C and 1,600°C the power

of the couple comes out at 6,4, 7.4, 8,1 microvolts per degree
respectively, offering quite a favourable comparison with

a platinum platinum=10% rhodium couple, which has a power of
approximately 10 microvolts per degree.

In taking heating and cooling curves of Armco
iron and steel the thermo~junction was protected from the
melt'by a thin walled silica sheath closed at one end with
& 1little alundum cement, also for steels the carbon content
Was found to remain constant when the specimen was enclosed
In a crucible made from carborundum sand and lined with
alundum, the open end of the crucible being closed with
the moistened carborundum sand and allowed to arye.

The heating and cooling curve of a
carbon steel 1s reproduced in Fig. 3. The carbon content of
0.13 per cent was unaltered by melting. The peritectic
temperature which is sald to occur at 1,48600. to 1,49000.,
ls observed to occur at a temperature of 1,49000. on both

heating and cooling.



