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value of the stress, and that yield takes place when the

"resolved shear stress" (that is, the shear stress resolved along

any plane thro one of the possible slip directions) reaches

o

a critical value. The apparent yleld stress in a tension test

will therefore depend on the crystal orientation. There is no
obvious reason for a sudden large diminution in the stress

&
wr, in fact, is

required to sustain slip after it has begun,

such a diminutioh found. Considering now the case of a test on

1gle-crystal specimens in parallel, which are independent

except in so far that the strains are equal, 1t will be seen that
the stresses will be divided between the crystals (in some ratio
depending on their elastic modulil) until one of them reaches yield.
Any further increase in loed will increase the stress in the

second crystal only; yileld of the two crystals will therefore

2 R ol 28 & a

be reached at some stress value ntermediate between those which

no drop in

would be found for the crystals separately.

stress at yield will be found.

If however, the two crystals oriented at random

together form a single specimen, may behave quite differently.

Up to the p the slip in each crystal 1is
less than the interatomic distance, little interference between

the erystals need be expected. When the value of the load at

which yield of the separate crystals would occur has been attained,

each erystal is "willing" to slip in one or more of a few strictly
limited directions, which will not in general be the

two crystals. It may be postulated that the two ery ls cannot
separate. 8lip in the erystals must therefore be accompanied oy

some atomic rea in the nei k

ourhood of the crystal

boundary. ead justment cannot be predicted from this Yl
e
nent ; ght for instance involve only a severedistortion of i

the lattice, or a complicated 8liding

nents of the erystals,

or e dislocation and rotation of the crystals, or even

a "melting" of the edge of the cryst

>
atoms might be so severely distorted in the lattice tl they {
o i .\
" B . it
could no longer be considered as b it, but rather as i

constituting material in an amorphous state. But it is clear that
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the forces required to inttiate any such

greater than those required to cause sli
crydtals. In the average test specimen
many thousands of crystals, and at the b
readjustment must occur before yield of
ogceurs It seems to the author evident
‘ vield will be the sum of the

initiate yleld in the separate crystals.

bion discussed above

/5
nd Wood by

experimentally mean

and the results may be considered to sup
! to particularise the nature of the re

tenslle test on normalised mild steel, G

ty

—}i o

up to the limit of proporticnal no ch

crystal structure. Petween the elastie

an occasional grain was found to have be
small amount of "erystallites" (i.e. cry

-

had been produced. At the yileld point

‘ very crystal was dislocated, and the pr
j‘ was greatly increased. At fracture the
| rendomly oriented crystallites, each of

distortion of the crystal lattice. The

*

A

the view that ylelding o

8

1ip; of

in internal ying the crystals
& y

vad justment .

polycrystalline iron or steel consists

witl

readjustment will
p in the separate
the cross-section contains
&
oundary of each some such : |
the specimen as a whole
that the force to initiate

forces required to

has been investigated

8 of X-ray diffraction,

ply the evidence required
In a static
ough and Wood found that
ange occurred in the

limit and the yield point

. " —A
stals of size 10 to

s s
10 ecm)

an abrupt change was shewn.

oduction of crystallites

specimen ccnsisted of
which had suffered

author therefore accepts
yroduction

h consequent

of crystallites mainly in the neighbourhood of the original
rystal boundaries.
The further ylelding of the material remains to be
considered If the inally in the normalised
condition it may be assumed that the crystals are initlally |
|
unstressed, and that when the breakdown at yield is approached the (228
I
stress dist throughout a cross-section, though not the |
3 resolved shear stress on each crystal, is reasonably uniform. It
N is difficult to conceive of a movement at yleld which will leave &
i &
‘ the stress distribution unaltered; it is therefore probable that
immediately the first considerable slip takes place the stress on ‘ |
ﬁ/'}! 7 G g £ 11 T ; W 3 " i |
) some of the crystals will be greatly increased. Moreover, it seems
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probable that the crystals will be in a condition of internal

" =

is, some of the atoms in a given plane in the lattice

may have taken a "glide jump", leaving the remaining atoms in the

an unstable condition. For both reasons ylelding may

3

under a load considerably smaller than that necessary to

As ylelding

progresses the structure of the material

further and the proportion of randomly oriented

crystallites to the materlal arranged in a regular lattice

e

formation will increase. Slipping over the planes of what is left

e original erystals will therefore be more and more restricted

and the force required to cause further slipping will increase until

the material finally reaches the stage of contailning crystallites
only. It 1s then virtually in the state of cold worked material.
The ultimate breaking stress, calculated on the final area, should

therefore be similar

‘tever the original condition of the

material., Althougk

8 deductlon 1s not strictly related to the
vielding of mild steel it is one whiecl admlts of verification.
Accordingly six previous tests were used, and four new specimens
were made, speclfically to cheek this conclusion. 'he previous
tests are those detailed in the normal manner in table 2, together

Aeat Frealed 1@ vaeue
with two specimens, one Bopmatisedgand one as recelved, which had

been stressed to a stage beyond yield in combined torsion and
tension under a small direct load and a large torque. For the new
tests, firstly, a bar of the same material in the "as received"”
condltion was pulled in a testing machine until it fractured.

From the overstrained parts two i

rée cut of sufficient length

82 1inech ¢

to provide .2

liameter specimens, and of these pleces one

similar

and of

these cne also was normalised before

N » In this way ten

tests altogether were made on material ink variety of states of
overstrain. The autographic diagrams from these tests are
reproduced in Fig. 3 the true stresses are given in table 11.

If the very wide divergencies shewn in the autographic dlagrams

are ccnsldered together with the

paratively trifling differences
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but only
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thickness to permit of the co

place before movement can oceur, it

find yield before a stress equal to

tension is app to a depth

of course, be estimated from an

above, but 1t seems reasonable to s

order of a dlameters.
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'he exsct nature of tl

the material 1s uncertain.

be considered to represent the

£t A%
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- oHe an B 2 o4 warly
the first in wh

nentral axis, reaching a value

before stress occu

drop *s, the

9

throughout the layer is uniform an

i
cne

is probable that true distribut

these assumptions.

The dotted curves in

on the second that the

assumption,

shewn in Fig. 2

{muediately b

the elastic

the

stress only,

stres

ykeld stress. The

3 P
was to suilt the

chosen

which are tl
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this ma
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the mean of the longitudinal and transverse

as described above. As in

transverse value chosen being fo

the case of flexure, eccentrlci t* in the tension tests would cause
these ratios to be increased, appreciable surface decarburlisation

wounld cause them to be decreased. It will be seen from the

curve in Fig. 20 that the value of this ratic found by the author

specimen 1s 0.587, a figure in very

satisfactory agreement wilth those found by Cook. It may also

lower in the case of steel C

e noted that the ratio is
= than in the other steels.
Apparatus for tests under internal pressure was not

3

available to the author. In view of the satisfactory nature of

the agreement between the tests just referred to and the author'’
flexure and torsion tests, however, it may be permissible to
assume that the meterials used are sufficliently similar %o justify

the acceptance of Cook's experiments as a basis for further

explanation.

Cook shewed clearly that a size effect was manifested in

thick tubes under internal pressure, and that this

arily dependent on the internal diemeter of the tube.

as pveplotted Cook's results on a slightly

different basls. The tensile yleld stress with which the res sults
are compared is the value adjusted as explained in the paragraphs

1

e transverse tests, and the curves drawn shew the

5

variation of apparent shear stress ga at yield with internal

dlameter. It will be noticed, if these curves are compared with

the original, that the differences between the three steels are

mch less marked, a fact which suggests that the transverse yield

stress correction is valid. As in the case of the torsion results
I the curve for steel C 1s distinctly below those for A and B,

esting that the tensile stress is, 1n comparison, hi The

e

second diagram, Fig. 25, shews the effect of the assump ytion that

a layer of depth .005 inch of high!

case bf the author's flexure tests) is required for the initlation

of yield. As was pc onl ing the calculated
i angle curves for flexure, 1t makes very little difference whether

J EE & 3 . ' ¢ Y
it be assumed that the stress in thls layer continues to increase =



—

to a value greater the tensile shear yield stress in proportion

constant and equal to the

to the strain, or that stress r

yield stress. In the former case the shear stress radius

'p! is glven by the ordlnary thick cylinder stress equations as

e .
a =3 ; 3 3 :
26 = Photear s MRS where P is the internal pressure at
g b

yield, and @, and @, are the ternal and internal radii of the tube

.,

respectively. In the latter case”the stress q, (the "caleculated

)

eld stress") 1

w

riven =
- (yb o a, S

P J ‘ bz- i P
e y it . in table 14
, —+ z &\3] = [V}
the values of Qg, qp, and g are given, in Fig. 25 the variation of

internal dismeter of the tube is shewn.

P w sntly published
Cook has recently published

1wother series of carefully

similar material,

calculations to determine gp and qp, and the results are given in

table 15. The deduced values of ¢, are plotted in Filg. 27 to a

5

base of internal dlameter of tube. It will be seen, if these

(24 to 27) are compared, that the ratio of shear stress to

ater series.

tensile stress 1s lower in tl 1is, however, is

hardly

o

is a value from longltudinal tests, whereas in the earlier tests a

yd

~y
’.J:
o
‘._J
o
w

tress was determined. Moreover, the tubes used

in the later tests did not all receive an 1dentical heat trsatment,

A
it
0]

t for the larger tubes offering a possit yortunity for the

formation of larger crystals and for a greater degree of decarburisatioypj

Nevertheless it wvill be seen that the ass

«005 inch able to withstand the yleld stress does offer an

explanation, to a first approximation at least, of the size effect;

2

if a slig thicker layer be assumed for the later tests, the

size effect can be entirely accounted for. Alternatively, the

o

explanation of the residual s

ze effect

[

the déscrepancy between
the values of 500 as predicted by the shear stress theory and from
«53 to .55 as given roughly by the earlier tests for the ratio of

shear st

be found

a fair comparlson, since the tensile stress for the later tests

wtion of a layer of depth
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the slize effect approximates very closely in efi

t yield first ocecu

1

4 il % o o o, g g Bl ae B e e ’ Lo . Saviade b e
not at the surface where the stress was a maximn QUL at some
2

1ere the material was, by virtue of its position

he applied stresses. The

s

value of "g" to account for the experi

results from steel A was between .C131 «0208 inch

.Lned tenslon

The series of tests carried out in combined tension

teorsi conclusive evidence that the crit

bl
ok
o
e
o,
bl
o
=
o
ot
o
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ot
@
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o
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©
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©
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stored in the material. ih

1

subsequent tests refute this

»—
B
@

evidence, shewing that the apparent confirmation is fortuito

e

and entirely due to the cholce of the size of specimen.

2+  Direct Stress.

no

(a)

prinelipal stress at yield is the same 1

measurable effect.

! &t e
BCIe

tests on

s & s —— (#3571 .
specimens .282 o

VL o

specimens and

application of yield stress 1s lower tha

material, and the drop of stress at vield is

" $e Loy o e 1 4 - » £ 4= la e " s o A n \ & N ) £
as the thickness of the specimen approaches magnitude the

diameter of a crystal. The inference that the c¢h

.d steel 1s a result of/polyerystalline

per unit volume

reciable curvature during the

n for

ect

rred,

in

and

erion

us,

solid

r small

sreatly reduced

aracter




Se Flexure.

For the steel used, the moment/angle curve 1ls sensibly

until stress greater that the tensile yleld

and falls. The values of the bending moment at which there is a

departure from linearity, of the moment attained, snd of the

angle of curvature at which the reduction in ment starts, all
depend on the size of the specimen tested.

The shape of the mo

ngle curves can be explained

t the core of the material is elastle, that a
b

layer of thickness .005 inch immediately the elastic

withstand the vield stress, and that outside
this layer the stress falls to the plastic yield stress.

4, Torsione.

The apparent shear stress at yield in btorsion depen

yon the size of the specimen. A part of this effect can

be explained by assuming a stress to that

of the residual

segbed for flexure. A possible exr

size effect and of the difference between the shear ftres
yield in torsion, when allowance has been made for the stress

gradient, and the shear s tress

yield in uniform tension 1s,

by consideration of the

Before the eriterion of yleld it is essential

to define the term "vield" in the light of the test results.

The present tests to the strength of a

material involve the determination of the relationship between the

foreces actir en and ation which

STEOCS o

This relationship may be represented by a curve, certain

in all the tests. ¥hen the load
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A Three-Ton Testing Machine."

By JOHN L. M.

N a paper included in the First Report of the
Steel Structures Research Committee, Professor
Andrew Robertson drew attention to the desirability

of a modification of the usual testing procedure if

accurate yield point measurements were required.
He showed that small turned specimens tested in
axial loading shackles gave data which were more
reliable than
specimens tested in wedge grips, and suggested that
a small 3-ton machine would be sufficient for most
purposes.  Professor Robertson invited the present
author to design a small machine provided with an
autographic recorder for tension tests. The typs
selected was a spring-controlled compound lever
machine, with variable speed motor for straining
the specimen. In order to eliminate many of the
complications which are necessary in a machine

which has to be used for a variety of purposes, it

was decided to adopt a specimen standardised e

to diameter, length, and end fitting.

The machine described was made in the workshop |

of the Merchant Venturers Technical College,
Bristol. If a number of similar machines were to
be made under normal production conditions, the
design could easily be modified, when the cost of the
machine would be comparatively small. The com-
pleted machine is shown in Fig. 1, and the general
arrangement—with the exception of the load-
indicating dial—in Fig.

STRAINING GEAR.

|
A small electric motor applies the load through

a double worm reduction gear, of overall ratio
1680 to 1, and a square-threaded screw of five threads
per inch, on which the second worm wheel turns.
During a test the square-threaded screw is prevented
from turning by a feather in the bush through which

it passes ; consequently, rotation of the worm wheel

pulls the screw downwards. In order to change the
specimen, however, a locking dowel pin is lifted out
of a large disc to which the bush is attached, and the
dise is turned by hand. The screw can, therefore,
be moved rapidly up or down to accommodate the
new specimen, and to take up any slackness, so that
the load is applied immediately the motor starts.
In this way considerable time may be saved without
the necessity of changing the gearing, and without
danger of applying a sudden load to the specimen
Attached by a swivel joint to the square-threaded
the of two axial loading shackles.
These shackles are on similar lines to
those described by Cook and Robertson in
Engineering (1911, Vol. 92, p. 786), and consist ir
principle of a hard steel ball, accurately concentric
with the centre line of the specimen, and free to
roll on a flat, ground, hard steel plate. ufficient
clearance is provided in this shackle to remove and
replace an unbroken specimen without altering the
position of the square-threaded screw; the disc
adjustment, therefore, is used mainly to compensate

screw is lower

designed

for the elongation of a broken specimen.

MEASUREMENT OF LOAD.
The load is measured by the compound lever spring
balance at the top of the machine. The ends of the

* Communicated by the Director of Building Research,
Department of Scientific and Industrial Research

ight Reservec

Crown Copy

those provided by the usual large |

MORRISON,

B.Se.

| tension spring used to measure the load are screwed
| into small spherical seatings in V-notched machined
hooks, which fit over knife edges in the upper lever
and frame ; various springs, which can be changed
in a few seconds, are provided, so that, if desired, the
whole of the scale may be used and accurate results
obtained with materials having a low ultimate stress.
Since the energy stored in the spring is suddenly
released when the specimen breaks, a dashpot,
mounted on the frame of the machine, is attached
to the upper lever close to the spring. The speed of
return of the lever is very large compared with its
speed during a test, and a solid loose-fitting piston
in a slightly tapered oil-filled cylinder is completely
satisfactory. A counterbalance weight on the
upper lever keeps the spring under slight tension.
The load indicated the dial and recorded

is on

FiG. 2

| by the autographic mechanism. A steel tape from
the upper lever passes round a pulley on the shaft
carrying the pointer, and a small weight from a
second pulley keeps a constant tension in the steel
| tape. The dial is provided also with a free pointer
| to indicate the maximum load. The pencil carrier
for the recorder—Fig. 3 on

autographic slides

TABLE

Yield stress.
Specimen
Works M.V

test

M.V.T.C.
test.

Present

test.

number

Ditto
0% 3

Ditto 1661

J.D. 4 14-0%

Ditto 15-07

JD.5 16-0%

Ditto 16- 87
* Large specimen (flat

All works tests on large specimens.

vertical guides, and is attached to the upper lever
by a long rod ; the pencil is mounted on a piece of
thin spring steel, and can be held off the drum by
a small hook.
MEASUREMENT OF KLONGATION.

In order to avoid the difficulties introduced by
the lateral contraction which accompanies elongation,

Plastic yield stress.

test

it was decided to use as a strain gauge the * scissors *
mechanism shown in Fig. 3. The ends of the scissors
are fitted with steel balls which rest in the centres
on which the specimen has been turned. The outer
ends are coupled by a push-rod which 1 in the
lower arm and passes through a swivelling rod in
the upper arm. This rod projects into a horizontal
slot in a bracket on the frame of the machine, so
providing support for the outer end of the device
without imposing lateral constraint on the shackles,
and allowing the specimen to move down as a whole
when the load is applied, without affecting the motion
of the drum. An adjustable spring in the drum
provides sufficient tension in the cord to hold the
whole mechanism together. The strain is measured
over the whole length of the specimen instead of the
more usual lin. gauge length, but since the part which
stretches is limited to a length little greater than the
1}in. parallel section, the two elongations are directly
comparable. In Table I the elongations of twelve

S

Tasre 1.

Overall
extension.

Specimen Gauge

extension

Gauge extn.

number overall extn.
. 0-88

£ SR 02405/ 0-90

consecutive specimens as measured on lin. gauge
length and overall are compared ; the ratio is prac-
tically constant in spite of the fact that the specimens
were turned individually ; had they been made to
a jig, the figures would probably have been even
For the mild steel specimens used, the
extension on a lin. gauge length was 0-88 times the
overall extension.

closer.

T
tests
machine.

st RESuLTS.
usefulness and
IT. are given

illustrate the
In Table

The following
accuracy of the
IL.

Plastic

TanLs
Specimen yield
number.

98

A
A
A
A
A
A 9
A
A
A
A

A99 .
A 100 .
A 101 2

results from twelve specimens, cut from a length of
aircraft standard 0-2 per cent. carbon steel, and
normalised after machining. They were tested under
four different conditions, and in each case the maxi-
mum variation between the three individual spec
mens is less than 41 per cent. The autographic
records, reproduced for one set in figures 4a, b, and ¢,
are indistinguishable in In Figs. 5a
and 5b are shown typical diagrams for normalised
0-2 and 0-6 per cent. carbon steels.

Table III. and Figs. 6a, b, and ¢ refer to specimens
cut from the same 24in. by 73 J. section for
which results obtained both in works tests and in
small machined specimens have
When allowance is made for

tests on similar

already been quoted.
111,

Itimate stress.

Present
test.

Works
test.

M.V.T.C.
test.

Present
test.

32:0

32:5

t Small specimen (turned).
All present tests on small specimens.

the lack of uniformity of the material and the rates
of strain adopted, it will be seen that the figures for
the tests already carried out with extensometers and
those for the tests in this machine are in satisfactory
In addition, the character of the auto-

agreement. 2
condition of

graphic diagram shows at a glance the

* Steel Research Committee, First Report of

Material

Structures
anel.




the material, where an ordinary test would give no
indication of the reason for abnormal resul Thus
the three diagrams reproduced are for specimens
taken from (a) the tip of the flange, (b) the root, and
(¢) the web of the section.

Sir A. Kennedy and Professor Ashceroft have
used autographic recorders, and Professor Dalbyt
has demonstrated exhaustively the value of accurate
autographic diagrams in the testing of materials,
with particular reference to the effects of heat treat-
ment and cold working. Figs. 4 and 7 show the type
of diagram which can be obtained from this machine.
They have as their chief interest their value for teach-

FiG. 3

ing purposes. Six similar specimens have been tested,
the first three (Fig. 4) normally. The fourth test was
interrupted several times and the load reduced almost
to zero (Fig. 7a); the fifth specimen was over-
strained to about 10 per cent. elongation before being
tested (Fig. 7b) ; and the sixth (Fig. 7¢) overstrained
ctly the same way, but renormalised before
test. When allowance is made for the reduced cross-
sectional area the last diagram is almost identical
with the original tests. Similar tests can readily be
devised to demonstrate graphically, for instance, the
results of pauses in loading, of different heat treat-
ments before or after overstrain, or the characteristics
of ductile and brittle materials.

in ex

MACHINING OF SPECIMENS.

The machine at present has been designed simply
for turned specimens, since for accurate results such
specimens are essential. The screwed end type
of specimen was chosen for convenience, since it was
desirable to be able to make specimens from small-
diameter material. In the case of commercial testing,
it would probably be more satisfactory to use collar
ends in order to provide more room for an inspector’s

In special cases where,

type marks on the test piece.
for example, an accurate yield value is not needed, or
where it is desirable that each of a number of students
should carry out a complete test for himself, the cost
of machining the specimens may not be justified by
the additional accuracy. In these cases it would be

an easy matter to design wedge grips to replace tem-

porarily the screwed adaptors in the shackles.
USE OF LARGE OR SMALL SPECIMENS.

sed on the

The use of small specimens may be critici
grounds that they do not represent the general quality
of the material. It may be suggested, on the other
hand, that since even a normal * large > specimen is
small compared with a full-sized member of a struc-
ture, and since these small specimens are very large
red with the crystal size of the material, the
This

are

comy

advantage in using large specimens is fictitious.

is emphasised in the dis ms, Fig. 6, which
fairly representative of the usual conditions in a rolled
section. The material is not in a uniform state, and
the larger the specimen the more does the true con-
dition tend to be masked by the average condition of

here

and

mean testing machines, the small
specimen offers a very considerable economy, par-
ticularly if, as the author would recommend, each
machine is desizned as practically a single-purpose
machine.

more

CoMPRESSION TE:

As was stated at the outset, the present machine
was des It is possible,

however

med simply for tension tests.
, that in the future compression tests may
also be included in some specifications. It would not
be difficult to alter the machine to allow compression
diagrams to be obtained in an exactly similar manner.
The axial loading shackles would be replaced by tie
rods passing each other to apply a compression load

L

to a specimen between them. In order to obtain
axial loading, the compression specimen would be
S — — e

Stress.

| Elongation x 8

Elongation x 8

FIG. 46

FIG. 4c |

|
i FIG. 5a
|

J.D. 1
TIP OF FLANGE

Elongation x 10

|
Elongation x 10

Elongation x 10
|

66 |
i |

T
FIG. 6¢ |

il H

ongation x §

Elongation x §|

i I

The Enaine

the part from which the specimen has been cut.  Even
if the full section is tested, it is more than doubtful
if the results are reliable, since the values obtained
are an average for the section and unless under actual
conditions the member is subjected to exactly the
s distribution may be

same type of loading the strc
quite different.
testing therefore would seem to be to select
specimens representative of the different material
in the section.

If a reliable value for the yield stress is to be
obtained, it is quite certain that present testing prac-
tice must be considerably modified. The tests must

at a much lower speed, preferably in a
of small inertia, mechanically driven at a
rate. In a test department where large

small

be made

machine

constant

f * Strength and Structure of Steei,” W. k. Dalby (Arnold).

numbers of tests are conducted, this must inevitably

FIE. 76

The least unsatisfactory method of

FIG. 7c

@®

mounted concentrically between two coaxial plungers
sliding in a frame supported from one of the side
columns.f A slight modification of the seissors
device would also be required, but the machine
otherwise suitable for compression testing.
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The Influence of Rate of Strain in Tension

Tests.

By JOHN L. M. MORRISON, B.Sc.

N the commercial testing of steel the three criteria
I of quality which have in the past received most

attention are the ultimate tensile stress, the duc-
tility as measured by the elongation and reduction of
area of the test piece, and the ability to withstand
without fracture bending tests. In very many
instances, however, these properties have little direct
bearing on the effective strength of a structure. It
is obvious that, apart from local yielding which may
relieve high local stresses, it is extremely undesirable
that the stress in even the tension members of a
structure should rise to the yield point of the material,
since though fracture may not occur, the large conse-
quent permanent deflections are likely to cause
trouble in other parts of the structure. In the case of
struts and beams the yield stress is even more imme-
diately important, since it, and not the ultimate stress,
determines the failure load.

It must, of course, be recognised that by far the
greater part of commercial testing of mild steel is
carried out with a view to ensuring the uniformity and
general reliability of the product, the tacit assumption
being that if the tensile strength and elongation reach
a certain standard the steel is also satisfactory in every
other respect. With the huge accumulation of expe-
rience which is behind the manufacture and use of
mild steel, this attitude may be a justifiable one;
there is, however, a growing tendency on the part of
users to ask for steel with a high and definite yield
point. In the case of high-tensile steels the position
is rendered more acute by the comparatively slight
experience of them which manufacturers and users
have, and by the fact that the yield point of such
steels is often more difficult to determine than is the
yield point of mild steel.

The importance of the yield phenomena in the case
of struts was pointed out in 1887 by Marshall,' who
concluded that their compressive strength within a

considerable range was governed by the elastic limit
of the material. The results of Buchanan,” Jensen,’
Howard,’ and Robertson’ all go to prove that the
yield stress of the material determines the strength of
the vast majority of practical columns. The Special
Committee on Steel Columns and Struts of the
American Society of Civil Engineers® concluded in
their final report (1933) that “ The ultimate strength
of such columns” (hinged ends and eccentric loads)
“ agrees fairly well with the theoretical strength based
upon the yield point of the material ” and
that “The yield point strength of the material may
be used in a formula for ultimate strength.” That the
same conclusion has been accepted in Great Britain
is indicated by the statement in the first report of
the ““ Struts ” panel of the Steel Structures Research
Committee of the Department of Scientific and
Industrial Research that it is now generally agreed
that for the maximum allowable stress in a column the
yield strength of the material is the significant factor.”

MEASUREMENT OF YIELD.

If, then, it is agreed that the yield stress of the
material is of paramount importance, it is obvious
that the definition of yield must be standardised, and
the method of measuring it above suspicion. There
is no doubt, however, that the present position in
these respects is unsatisfactory. In the report of the
American Society of Civil Engineers Committee,
already referred to, it is stated: “It is evident that
the yield point, as recorded by the ordinary com-

‘‘ Trans.,”” Amer. Soc. Civ. Eng., Vol. XVII.

Eng. News, Dec. 26th, 1907.
3 Engineering, April 3rd, 1908, p. 433.

‘“ Proc.,”” Amer. Soc. for Testing Materials, Vol. VIII.
Bygr, Ass. Report, 1913 ; Inst. Civ. Eng. Selected Paper
285

tTrans.,”” Amer. Soc. Civ. Eng., 1918 and¥1933;




mercial tests, even when the machine is run at com-
paratively low speeds, does not give the correct index
of the strength of the material.”

The first serious difficulty presents itself in the
securing of uniform stress distribution over the cross
section of the test piece. It may be accepted that the
use of wedge grips or even of spherically seated
shackles is inadmissable since the yield stress obtained
with these methods of gripping the specimen may lie,
fortuitously, anywhere between the true yield and
the plastic or lower yield. By plastic yield stress is
meant the reduced, practically uniform, stress at
which the material continues to stretch after the yield
point has been reached, and it will be evident that
since in the case of an eccentrically loaded tension
test piece yield at the highly stressed side will tend
to straighten it and to equalise the stress distribution,
yield of the test piece as a whole will not be observed
until the average stress is at least equal to the plastic
yield stress. In the present tests axial loading
shackles, similar in principle to those designed by
Robertson and Cook, and described in Engineering
(1911, Vol. 2, page 786), were used. It need hardly
be stated that if any advantage is to be derived from
the use of such shackles, the test piece itself must be
machined ; the pattern adopted was the British
Standard 0.282in. diameter specimen with screwed
ends, and the whole machining of the parallel part
and of the screwed ends was carried out on centres
in a lathe.

The second difficulty lies in the definition of, and
method of measuring, the yield stress. There are two
cases here which must be considered separately. If
the material under test gives a distinct drop of stress
at yield and a large plastic extension, a carefully
conducted test, in which the speed is kept low and
axial loading shackles are used, will give a reliable
value for the yield if this is determined by the usual
drop-of-beam method, or even by dividers. But
failure to observe any one of these conditions renders
the results unreliable. If even a moderate rate of
loading is used the effect of the inertia of the testing
machine may be considerable, while it is only too
casy for the operator to overshoot the load. Even the
interpretation of the terms “floating beam ” and
““drop of beam ” may lead to a considerable difference
—as much as 2 tons per square in.—in the result of
a test. If, on the other hand, the material gives a
stress-strain  diagram in which the elastic portion
curves round gradually till the plastic state is reached,
identification of the yield point by any of the usual
methods is quite impossible. The only reliable
method is the use of an accurate extensometer ; even
then it may be difficult to justify the choice of any
particular figure unless the yield be taken as that
point at which the slope of the tangent to the stress-
strain curve has a definite fraction of its original value,
and in this case it would probably be better not to
use the word “yield” for the result, but some other

term, such as the “useful limit.” The tests des-
scribed in this paper were all conducted on materifll
giving a definite drop of stress, and in qrder to obtain
the yield a special form of autographic recorder of
stress and strain was employed.

When satisfactory conditions for the determina-
tion of the yield point and for axial loading of the
test piece have been obtained, there still remains the
uncertainty with which these experiments are
primarily concerned. The yield stress, accordﬁng to
the British Engineering Standards Association, is
to be measured ‘“ when the load is increased at a
moderately fast rate,” a vaguenesss which is insepar-
able from testing as conducted at present. In a
report of the American Society for Testing Materials
Yield Research Committee, constituted in 1926 in
order to investigate the significance of the yield point,
its range in commercial structural steel, and the com-
mercial testing procedure, it is stated that ““increas-
ing the speed of loading” (i.e., movement of head
with 10in. gauge length) “from 0.05in. to 2.0in.
per minute caused the following average increase in
the yield point of the bar steels tested :—Carbon
steel, 9 per cent. ; nickel steel, 7 per cent.; silicon
steel\S28pertcent:

Such figures point to the desirability of defining
more accurately the speed of testing.  These tests
were carried out in five laboratories, but in all cases
wedge grips were used, and the range of speeds was
not very great. Four methods of determining the
yield point were used—drop of beam, scaling, multi-
plying dividers, and a strain gauge. In the last
method yield was taken to be “the lowest load at
which there was visible acceleration in the rate of
motion of the dial hand on the gauge.” Of these
different methods,  the multiplying dividers gave
the most reliable results.”

TEesTING MACHINES,

It was therefore thought desirable to carry out a
series of tests over as large a range of speeds as
possible, using axial loading shackles, and determin-
ing the yield point autographically. Two machines
were used, one for very low to moderate speeds;
reaching yield in from 12 hours to 16 seconds, and the
other for the range 16 seconds to about one-twentieth
of a second. In the first machine’ the applied load
is transmitted through the specimen, which is held
in axial loading shackles, and a double lever, to a
spring  which measures the load. The load and
extension of the specimen are recorded autographic-
ally, but if the rate of strain in this machine is
increased much beyond the limit chosen, the errors
due to the inertia of the moving parts become appre-
ciable. Another testing machine® was therefore used

I9734I))cscril>é(! in THe ﬁ?:117{;(11 ig7, ix 62’%}77{];‘18 22nd,
$ Described in Aeronautical Research Committee

““ Reports
and Memoranda,”’ :

No. 1161 (Robertson and Newport).




for higher speeds. In this second machine the load
is applied through the same axial loading shackles
to the specimen and to a tube arranged in tandem
and provided with an extensometer. The load is
measured by the extension of this tube, which causes
the mirror of an extensometer to rotate. A beam of
light is reflected successively from a mirror fixed to
the frame of the extensometer, and from the moving
mirror, and focussed on a revolving drum on which
a photographic film is mounted. Movement of the
extensometer as a whole does not affect the position
of the reflected beam on the revolving drum. Since
the speed of the drum is known, the rate of strain is
casily calculable. In the slower machine, the times
to reach the yield point and the breaking point are
measured by a stop watch.

Each machine is driven through gearing by an
electric motor, so that the rates of strain up to yield
and from yield to break are each sensibly constant.
They are not identical, since the elasticity of the
machine is negligible compared with the plastic exten-
sion though not compared with the elastic extension
of the test piece. A wide speed range on each motor
and external gearing are used to obtain the different
rates of strain.

MaTerIALs AND HEAT TREATMENT.

Two steels were used for these tests, one an air-
craft standard (2S21), 0.2 per cent. carbon steel,
and the second an open-hearth steel made by the
Park Gate Company, Ltd., to the specification
C 0.58 per cent., Si 0.16 per cent., S 0.037 per cent.,
P 0.033 per cent., Mn 0.54 per cent. The material
was received in the form of %in. black bar, 16ft. long.
It was cut into test bar lengths, and normalised to
eliminate any possible cold working effects.  The
test pieces were then machined, and again heat
treated by being kept in a vacuum furnace for a
quarter of an hour at 910 deg. Cent. in the case of
the 0.2 per cent. carbon steel, and 860 deg. Cent. in
the case of the 0.6 per cent carbon steel. The vacuum
tube was removed from the furnace to cool, but the
test pieces could not, of course, be taken out of the
tube. As a result, the heat treatment tends to make
the steel slightly softer than ordinary normalising,
but also tends to promote uniformity.

REesuLts.

(@) Stress.—The numerical results of the tests are
summarised in Tables T and II, and typical load-
extension diagrams for the low-speed machine and

load-time diagrams for the high-speed machine are
reproduced in Figs. 1 to 3.

The curves, Figs. 4 and 5, give the results of the
whole series of tests on both types of steel. Fach
point represents the average of all the specimens
tested at a particular speed. The tabulated values
show the extent of the variation between individual

specimens. The curves are plotted to a base of the
logarithm of the strain per second, as it is, of course,
impossible otherwise to accommodate the time-sgalc
variation, and the approximate times for a test piece
to reach yield and to be broken at various rates of
strain are indicated.

While all the stress values tend to rise with increased
speed of testing, the form of the stress/rate-of-strain
curves differs. The value of the yield stress seems to
approach asymptotically at low speeds a definite
minimum value, and rises very rapidly at the other
end of the rate-of-strain scale. The plastic yield and
ultimate stresses, on the other hand, suggest that the
material after yield behaves like an extremely viscous
fluid. They do not increase so rapidly at high speeds,
but they give little indication of approaching a fixed
minimum value at the lowest speeds used. Thus in
the case of the 0.6 per cent. carbon steel the ultimate
stress in the 20-hour test is | ton per square inch less
than in the 9-minute test, while in the case of the
0.2 per cent. carbon steel the values at the same rates
of strain differ by 1.2 tons per square inch. In the
first complete series the slowest tests on low carbon
steel took about 30 hours; a second series covering
again the lower end of the range was therefore
carried out to check the absence of a definite mini-
mum stress. In this case the slowest tests took
between four and five days, but the new results,
though not coinciding exactly with the first, probably
because of different heat treatment, gave a very
similar shape for the stress/rate-of-strain curve.

Over the range of speeds used—that is, from about
4 days to 0.8 second for the complete test at approxi-
mately uniform rate of strain—the increases in the
case of the 0.2 per cent. carbon steel were:
6.2 tons per square inch, or 27 per cent.

6.6 tons per square inch, or 40 per cent.
4.4 tons per square inch, or 15 per cent.

Yield stress
Plastic yield stress
Ultimate  stress
while in the case of the 0.6 per cent. carbon steel,
in tests lasting from 20 hours to 0.4 second, the
increases were :

7.9 tons per square inch, or 33 per cent.
6.7 tons per square inch, or 30 per cent.
4.4 tons per square inch, or 10 per cent.

Yield stress
Plastic yield stress
Ultimate stress

(b) Elongation.—The rate of testing has surprisingly
little influence on the elongation. The results are
shown in column 7 of Tables I and II. It will be
noticed that the elongation is given for only a few
of the tests in the high-speed machine. The stress
extensometer in this machine was apt to be thrown
out of adjustment when the specimen broke ; the
tests, except in the case of the highest speeds, were
therefore, stopped when the load began to fall off
appreciably after the maximum. The figures obtained,
however, cover the whole range of speeds used, and
it will be seen that the variation between individual
specimens is greater than any effect found due to rate
of testing.




CoMMERCIAL TESTING.

In view of these results, it may not be out of place
to put forward some suggestions as to commercial
testing procedure, with particular reference to the
present experiments.

In the case of tests which are required to determine
only the ultimate stress and the clongation, there is
one point which calls for comment. If a steel is
produced to a 5-ton limit—for instance, the ordinary
28—33-ton mild steel—then a factor which can
produce a change of 4.4 tons per square inch in the
ultimate stress should not be left to the discretion
of the operator. It is not suggested, of course, that
such a large variation will occur in practice, especially
since the majority of operators will, after a short
time, tend unconsciously to standardise their methods;
but it is apparent that in a border line case the
acceptance of steel might depend on the speed of
testing, and that tests under works conditions cannot
be directly compared with tests under laboratory
conditions. The remedy would seem to lie in the
use either of a mechanically operated machine driven
from a constant-speed motor, or a hydraulic machine
with a needle valve controlling the rate of flow of
the fluid to the cylinder of the testing machine.

In the case of tests which are to include the yield
stress this constant-speed feature is even more
desirable, since the speed variation which certainly
does occur in practice between different machines
at the same works, and between works and laboratory
tests, may be responsible for at least a 10 per cent.
difference in the results, but the other points which
have already been discussed must also be provided
for. There are three main requirements: (1) The
use of a machine of small effective inertia ; (2) axial
loading shackles, and (3) a more satisfactory defini-
tion of the yield point. The importance of keeping
the effective inertia of the machine to a minimum
value is well illustrated by a simple experiment.
If a specimen is lightly loaded in a large single-
lever machine, and fitted with an extensometer,
moving the beam up and down an inch of two is
quite sufficient to alter the stress in the specimen by
several tons per square inch, while it is easy to over-
strain the specimen from almost no load to beyond
the yield point simply by pulling the beam from the
top to the bottom stop. But at the speeds in common
use in commercial testing it is quite impossible to
keep the beam floating steadily midway between the
stops, and a vibration of an inch or two when the
specimen is approaching yield may completely mask
the yield phenomena. In the case of mild steel the
effect would probably be to give the plastic yield
stress instead of the true yield stress, an error which
is on the safe side when estimating the quality of the
steel. In the case of a high tensile steel, however,
where the plastic region is much less extensive, some-
times almost non-existent, the error is more serious.
If, as is sometimes the case, the extension at yield

is not sufficient to allow the beam to drop decidedly,
the yield is taken as the stress at which two clearly
distinguishable lines can be scribed with dividers,
using an 8in. gauge length. There can be no doubt
that the state corresponding to this definition is
not, as intended, somewhere in the plastic yield
region, but at a considerably later state in the
extension, with the result that the vyield stress
reported bears little relation to the true yield. The
necessity for axial loading shackles has been stressed
several times, but it may once again be emphasised
that the use of wedge grips in such a test helps still
further to make the transition from the elastic to
plastic states less definite.

If, then, yield determinations are to be included
in the test results of any steel, the following are some
of the conditions which are desirable to secure
reasonable accuracy. In the case of a steel with a
well-marked yield point—that is, with a definite
drop of stress at yield under constant rate of strain:—

(1) The use of a machine with small inertia.

(2) The standardisation of a constant rate of
strain during the test.

(3) The wuse of axial loading shackles and
machined specimens.

(4) Yield to be measured by drop of beam or
flicker of pointer, and, preferably, in doubtful
cases, to be checked by an autographic record.

In the case of a material with a poorly defined
yield point, it is preferable to discontinue the use
of the term “yield stress.” In order to determine
the stress term suitable as a basis for design two
methods are possible. The first, as used in the testing
of certain Admiralty and aircraft materials, is to
apply a “proof stress” to the specimen, and to
measure the permanent extension produced. The
second, ‘originally proposed by Johnson, and advo-
cated by the Steel Columns Committee of the
American Society of Civil Engineers?, is to give the
name ““ Useful Limit ” to the point where the gradient
of the stress-strain curve is reduced to one-half of
its original value. For steels this value appears to
be appropriate, though for others materials a different
fraction may be found to be more satisfactory
Both methods involve the use of an accurate extenso-
meter ; there is little to choose between them as
regards saving in time, though the advantage lies
with the proof stress. The determination of the
U.L.P., however, gives considerably more information
as to the state of the material and its quality, and in
the author’s opinion is the preferable test.
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TABLE I.—REesuLts o Tests oN 0.2 pErR CenT. C. STEEL.
Tests in Low-speed Machine.

e VTimci (Eime N Plastic | Ulti-

Speci- | © { o | YKld yield e El(.mgn-
men | vield | break | SUCSSI s tress stress tion
No. | (sec.).| (.\:ccﬁ.).ﬁ_‘(t(m/m'i)(t(m/ir).z)‘(t()n/’iri.z) (in.)
A 71 | 1,000 {11,000 ‘ 23.8 17.8° |5 2956 0.41
A 89 j | 227 17508 SN0 0.42

Mean 0 17.8 | 299 | 042
A 69 | 170 | 3,000 | 22.9 182 | 302 0.44
A 70 | 1 | By 13.2 30.2 0.45
A 86 | 24.0 18.6 30.1 0.42
A 87 | 22.2 18.1 29.6 0.40

Mean | ; 23.0 18.3 30.0 0.43
A 67" 55 | 570 | 23.7 19.2 31.0 0.44
A 68 | ; | 226 | 187 31.2 0.4
A 84| | [ 227 | 186 30.4 0.43
A 85 | [ 235 19.0 30.4 0.43

Mean ‘ =t 189 | 307 0.435
A65| 16 | 150 | 238 | 194 | 314 | o044
A 66 | | 220 | 194 | 298 | 044
A 82 | 25.4 20.0 30.8 0.41
A 83 | | 24.2 19.4 30.9 0.4

Mean } e 238 | 195 | 307 | 043

Repear Tests in Low-speed Machine.

A 99 | 48,000(360,000 23.0 16.6 | 283 | 038
B I 22.6 16.6 283 | 0.36
B2 | 22.6 16.8 28.4 0.43

Mean 227, 16.6 2853 0.39
A 90 | 750 | 7,000 | 23.2 19.8 29.3 | 0.40
A 91 23.0 17.8 | 29.2 0.41
A 92 235 17.8 29.4 0.42

Mean | 23.2 17.8 29.3 | 0.41
A9 | 15 140 | 24.5 19.5 30.2 | 045
A9 | 24.6 19.5 30.5 0.41
A 95 24.7 19.7 30.4 0.43

Mean ‘ 24.6 19.6 304 | 043
ARG 13 | Speed | 20.9 30.9 0.39
\ 97 \ too 20.8 30.8 0.38
A 98 | high | 20.7 30.8 0.40

Mcan | 1 [ 208 | 38 | 039

Tests in High-speed Machine.
A4 | 16 | 240 23.8 20.2 31.7 =
A 55 23.2 103 | & —
A 56 23.2 193 | 315 —
A 80 23.2 194 | 309 —
A 81 23.7 19.0 | 307 | —

Mean | 2885 19.4 313 | —
A7 | 55 | 80 %2 | 201 W || =
A 58 243 19.9 31.8 =
A 78 | 24.0 199 || 304 =
A 79 2.0 194 | 314 =
Mean 23.9 19.8 31.6 —
A5 | 085 | 12 | 253 | 213 | 326 | —
A 60 24.8 20.0 32.6 —
A 76 24.8 20.1 31.8 =
A 77 25.8 19.8 38 | =
Mean D5 ) (%3 32.2 —
A6l | 035 | 6 26.9 21.6 32.9 o
A 62 26.2 22.4 328 | —
A 74 26.1 20.6 32.6 —
A 75 25.8 20.7 31.8 =
Mean 26.2 21553 825 —
A 63 | 0.052 0.8 29.9 23.5 33.4 0.42
A 64 29.8 23.2 33.8 0.41
A 72 28.3 22.7 32.9 0.44
A 73 28.6 24.0 33.6 0.41
Mean 29.1 23.3 33.4 0.42

TABLE II.—ResuLts oF Tests oN 0.6 PER Cx;\‘r. C. STEEL.
Tests in Low-speed Machine.

Time | Time | Plastic Ulti- | Elonga-
Speci- to to Yield yield mate tion
men | yield = break | stress stress stress (in.)
No. | (sec.). (sec.).|(ton/in.?)(ton/in.?)(ton/in.2)
C 6 9,000 70,000 | 23.4 21.9 43.3 0.235
C 23 ’ 245 22.0 42.7 0.27
C 41 (2422 21.9 43.0 0.295
Mean | 240 | 219 | 43.0 | 0.267
€5 80 550 | 24.6 22.8 45.0 0.24
C 22 | 12425 23.4 44.3 0.27
C 38 | 249 22.8 44.3 0.30
€ 39 [B2357! 23.0 41.8 0.26
C 40 24.8 23.0 41.6 0.27
Mean | 245 23.0 44.0 0.268
cz | 18| 100 248 | 235 | 452 | o024
€3 24.8 23.6 45.4 0.25
© [ 24.3 23.0 41.9 0.28
© 70 25.9 23.6 44.3 0.28
@ 7] 24.8 24.0 44.5 0.27
© 5/ 24.3 235 43.3 0.26
Mean [N 247 800 IIN255 44.1 0.263
Tests in High-speed Machine.
C7 17 150 24.5 22.4 44.0
C 8 24.5 23.0 44.3 -
C 24 25.4 23.0 44.2 —
€ 25 24.8 2852 43.9 —
C 42 | 23.8 22.9 443 —
C 43 | 24.3 23.0 44.4 —
Mean 24.6 229 | 44.2 =
ol iz L 2] A e
€26 25.8 234 43.9 —
C 44 2581 22.9 43.9 o
Mean 25.3 231 B B4 TR R
= e . | =
@ 1) 1B 15 26.4 23.4 B | =
© 17 26.1 22.8 do ]| S
@27 23 2355 44.3 S
C 28 25.8 24.0 4.6 | —
C 45 26.7 23.8 455778 |
C 47 27.3 237, 45.1 Lk
Mean 26.6 23.5 44.9 —
Dilinall PSR o
C13 | 004 04 309 @ 289 44.6 0.23
C 14 s 28.6 48.1 0.24
© 3l B2:5) 28.0 47.4 0.28
© &% 329 | 29.8 47.8 0.29
C 50 315 | 282 | 467 | 026
€ 5] B2 29.6 48.0 0.26
Mean 31.9 23.6 47.4 0.26
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