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ABSTRACT

A method for studying the flow of metals under condi-~
tions of simple shear was described by Andrade and Jolliffe
(Proc. Roy. Soc. A, 213, 1952, 3 and 4, 245, 1960, 291) and
used by them to investigate the shear creep of pure lead
and cadmium. A simplification of their method has been
designed, and it has been found that the results given by
the new method bear a simple relation to those given by the
original method. The general creecp behaviour described by
Andrade and Jolliffe has been verified with the new method,
the three forward and the four reverse stages of lead have
been found to apply, with differences in the constants, and
the absence of the first linear reverse stage in the case
of caodmium has been verified.

The new method was then used, in conjunction with the
original method, to investigate in greater detail the creep
characteristics of pure lead, and, briefly, cadmium.

Two new forward creep laws have becn established, a

2/3 law for strains less than 0.015, followed by a tl/2
law for strains between 0.015 and 0.04, which leads in turn
o the well established 1/3 law, applying for strains
above 0.,04. Recrystallisation terminates the tl/3 law,
at o strain of 0.09 in the case of the lead studied here.

A series of photomicrographs taken during a typical creep
experiment covers all the forward stages.

The laws of the recverse flow have been verified, but
the new method gives a reverse flow which has lower
coefficients than that of the original method for equiv-
alent forward coefficients.

Repeated reversal experiments point to the possib-
ility of using the method for fatigue investigations.
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INTRODUCTION — T

Creep may be defined as the slow progressive change
of strain that takes place under stress. The majority
of creep measurements have been made on the extension of
wires or rods under tensile stress, as in the pioneer
work of Andradel, who demonstrated that the creep under
constant stress had characteristic features which were
common to all the pure metals he studied. One effect
of creep, of engineering significance, was realised in
1921 when Chevenard and Dickenson® showed that if a
stress were sustained for a sufficiently long time,
fracture could occur although the stress was very much
lower than that required to cause fracture in a short
time tensile tesd.

Since then the study of creep has developed along
two largely separate paths.

1. The messurement of the creep properties of
various industrial alloys, largely at constant load.

2. Work aimed at understanding the mechaniswms of
creep, in particular the behaviour of the grain structure
at the different stages.

Only the second approach will be considered here.
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The general result 0f the earlier experiments on
tensile creep, was that the creep at constant stress

could be expressed by the Andrade Law,

[ / 123N ‘<t
Y {l ! N
E = _.VJO\\I - tgtz) £,
where 1 is the length of the specimen at time t, QJ? &
and ¥ are constants. The exponentiat’ form of the term

in K is merely a comsequence of thelincrease in length,
since., %% = K

The 1?w accounts for the three parts of the strain- /CL
time curve commonly observed, the initial extension,
primary or transient creep at a decreasing rate and second-
ary or quasi-viscous creep at an approximately constant
rate.

Andrade further suggested'ﬂun;p flow is associated
with glide and rotation of the crystallites and V( flow
with bodily movements of crystals past one another. The
first point was later confirmed by the work of Andrade and
Chalmer53 on the change in resistivity of metals under-
going deformation. The rotation of glide planes during
deformation would be expected to change the resistivity
of face-centred cubic and hexagonal metals, but not that
of body-centred cubic metals. The experiments confirmed
this and Ramlal and Gibbsdr were able to measure the rotat-—
ion of the planes during deformation by using X-rays.

The relative importance of the two processes is
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governed by ©, the ratio of the absolute temperature of
the test to the absolute melting point, so that iron at
450°C has similar creep properties to lead at 0°C.

The Andrade Law has been shown to apply also to zinc
single crystals by Cottrell and AytekinG, to i1ron and
certain steels/by Feltham6, and to lead over extremely

long periods of some hundreds of hours by Hopkins7c

Wyattg

investigated the creep of pure copper,alumm
inivm and cadmium over a range of temperatures and
stresses and found that at higher temperatures and

vz
stresses a t 3 law was valid, but at low temperatures
and small stresses he found a logaritﬁmic law, which held
when the total strain was less than 0°5%.

4 fourth stage of the creep curve, so called tertiary
creep, a region of rapldly increasing creep rate, 1s a
common feature of creen curves. In meny of the early
experiments, apparent tertiary creep was due to stress

intensification which takes place under conditi ns of

constant load, owing to the decrease in cross sectional
area of the specimen as 1its length increases. Real
tertiary creep has, however, been demonstrated by, among

lO, who,

others, Sully,Cale and Willoughby9 and by Tapsell
working on certain steels found accelerating creep at
extensions of less than 1%, where the thinning of the
specimen could have little effect. indraddhas attrib-

uted this stage to recrystallisation during the process



of creep.

The problem of creepy under conditions of tensile
stress is complicated by the fact that the mechanical
conditions of the tests are very compleX. The surface
of the specimen must continually increase in area and
there is a radial velocity gradient. The surface
stresses are abnormal and the behaviour of the surface
grains is not representative of the grains in the bpody
of the material (Andrade and Kennedle, and Rachingerl3).
It is not surprising therefore that attewnpts to formulate
mathematical laws of creep have only succeeded in account-
ing for creep under special conditions and have only
limited applicability.

Furthermore, the work of Andrade and Kennedy and of
Rachinger constitutes a serious criticism of much of the
photomicrographic evidence of creep presented in the
literature, particularly thnt at low sitrain rates and
high temperatures, since nost of the photographs are of
grains at the surface of a tensile specinen. Attempts
at understancing the basic mechanisus of the deformation
of metals are only made more difficult by the complex-
ities of the tensile method.

4 novel approach is that of Andrade and Jolliffe14,
where the metal is subjected to a homogeneous shear

stress. This method hag ccertain advantsges over the

normal tensile method. The nechanical conditions are
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very ach simpler andLsince there is no change in surfmcé
nrea of the syecimen during straining, the behnvionr of
the grains at the suriace of a shenr sgecimen cnnrot be
very different from that of the grains in the interior of
the metsl. 4 IZurther advanitnge is thot the stress aay
coslly be reversed,

Inportont results of these investigntions on lead
~nd cadniwn are tiant under the conditicos of simgple shear
stress, the flow froa the strrt is of o treasient type,
obeying o siaple cubve root liw

Y- A+BE3
thnt is, the "permanent" component of the cree. ol tensile
specinmens is absent, & siriking sinplification of tae
Creep Lo,

The reverse creep behaviour hos been analysed into
certain definite stuges rother cimilor to those of the
forword creep, Though at a grevter rote. The first
strge of the revcerse creep of lead is, however, ~ linear
stnge not represented in the forward creep.

rhotomicrographs and X<ray photographs showed thot
the transient tlé flow is accompanied by progressive
slip and locanl rotation of the lattice.

Though the simple shesr stress aethoed has obvious
advantages, 1t has been little used in the study of metn!

ageformation. The subject of this investigaticn is a



simplification of the indrade and Jollirffe method of
studying the creep of p.lycrystalline netals. The
specinen used is sinpler in form, ensier to :wchire and
requires leoss anterial. e disadvautagé is that the
seonmetry of the specimen will affect the creep behaviour.
in assessuent of the eflfect of this gecnetry, ond further

imvestigetions into the crecp pr perties of metals under

#

i

L4

simple shenr stress will be described in this thesis
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SPECIMENS ~ I1I

The specimen used by Andrade and Jolliffe was in the
form of a disc of metal in which a circular groove was cut,
the part of the disc exterior to this groove being gripped,
and the part interior being subjected to a constant torgue.
The shear force applied to the thin annulus varies invers-—
ely as the radius. The annulus 1is therefore cut so that
the thickness varies asiﬂ?ﬁ where r is the distance from
the centre of the disc, and the shear stress applied to it
is then constant over the range of radii involved. The
specimens are therefore difficult to prepare, reguiring
special techniques.

To surmount this difficulty, the form of the specimen
used in this investigation is much simpler?o Two uniform
parallel grooves each 1 cm. wide are cut in a rectangular
slab of metal, Fig. 1. The outer parts of the original
thickness are gripped, and the central thick part subjected
to a constant load, applied parallel to the edges of the
grooves, so that,in the grooves, the thin parts of the
metal,l mm. thick, are subjected to a constant shear stress.
Fig. 2 shows a lead sﬁecimen after 0.4 strain. The

advantages enjoyed by the Andrade and Jolliffe method are



11

retained, but the free ends of the thin parts, or webs:
have an effect on the creep behaviour.

The problem of the elastic stress distribution in a
rectangular plate undergoing shear strain was considered

16, following carlier work by Andradel7 on

by Inglis
the distribution of slide in a right six face subjected
to pure shear. |

Their analyses show that the diétribution of stress
along the centrzl section of the plate, parallel to.the
two shearing forces, rises from iero at the ends of the
section to two maxima, one near each end of the section,
falling slightly to a lower value along the céntral part
of the section. The maxima are less strongly marked on
the sections nearer to the edge of the plate.

Part of the web is subjected to little or no stress
and will not deform. This stress-free area remains
constant whatever the length of the specimen and the
effect will therefore be greater for shorter specimens.
The creecp rate of the shorter specimens would be expected
to be higher than that of longer specimens for constant
load per unit length.

Inglis's analysis further led him to predict that

the failure of the plate would occur as a tearing at the

cormers.,
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The lend used in tuis investigntion is o pure lead
conforming to BSH 1085 (1546), and was called lend IIT Dby

Andrade ond dJollifie.
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EXPERIMENTAL — I1I1

1. Apparatus

a) Method of Stressing

A special apparatus has been built to apply the
shearing stress. It is represented in Fig. 3.  The
apparatus, which will be described in detail lafer, is
firmly mounted on a massive I'section frame. The outer,
thick parts of the specimen are gripped rigidly by the
fitting, and the shearing loads applied to the central
thick part of the specimen.

The downward shearing load is applied directly to
the central part of the specimen, and the upward shearing
load is applied by means of a flexible steel tape passing
over a 20" diameter pulley wheel. The pulley wheel is
pivoted on an accurate pair of knife edges and grooves
which are mounted at the top of the I section frame.

The shearing apparatus is represented in more detail
in Fig. 4. A “yoke" fitting, A, has been constructed to
take the specimen, the outer thick parts of the specimen
XX being firmly bolted to the fitting. In order to
apply the loads, mild stéel strips BB are bolted, one
at the back and one at the front of the central part of

the specimen Y, and the downward load is carried by a
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mild steel dowel C joining these strips at their lower
ends. The load is applied by means of weights carried
in a bucket which is attached to the dowel C by a wire
device. The bucket stands on a hydraulic jack which is
driven by an electric motor and the load is applied and
relieved by lowering or raising the jack at a constant
rate. The upward pull is applied by means of the flex-
ible steel tape which passes over the pulley wheel and is
attached to the dowel C1 by a wire device. The load for
the upward pull is carried in a bucket which stands on a
motor driven hydraulic jack which is exactly similar to
that used for applying the downward load. The upward and
downward loads are therefore applied and relieved at
exactly the same constant rate.

The moment of application of the load is controlled
by setting the jJjacks at pre~determined heighte and starting
the motor at pre-determined times, a few seconds, before
the start of the experiment.

One of the essential conditions of 2 creep experiment
is that the loads should bé applied axially. A procedure
was devised to check that this was so, and the check
repeated from time to time, A small steel slab was made,
of the same dimensions as a specimen but without the
grooves. This steel blank could be bolted into the fit-

ting in the usual way and the loads could be applied to it
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without it deforming in any way, other than very small
elastic deformations.

The loading strips BB, and the wire devices are
attached to the steel blank and it is hung freely fronm
the flexible steel tape passing over the pulley wheel,

To take out any slack in the linkages the forward bucket
is loaded with about 50 kg. and supported by a load of
about 70 kg. in the reverse bucket. The loading line is
then truly vertical.

The nature of the wire devices in the loading links
is such that the system is self-aligning about the verti-
cal axis.

Deflections out of this vertical axis about the two
Principal horizontal axes can be indicated by the move~
ment of beams of light reflected from two suitably placed
mirrors attached to the strips BB.

The steel blank is bolted into the fitting and the
lack of alignment in the vertical axis is indicated
as described above. The four adjustable legs of the

massive 'I'! section frame are then set so that the posi-
tions of the two optical images are unchanged with the

steel blank bolted into the fitting or hanging freely.The
line of application of the shearing loads is then axial.
The mass balancing of the system is carried out in

two parts. The pulley wheel is first mass balanced about
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its fulecrum, the knife edges. The loading links and

buckets are then hung from the wheel and balanced by the
addition of small weights to the reverse side. In this
way it is ensured that the loads applied in the forward

and reverse directions are exactly the same.

b)  Temperature Control

To maintein the specimen at a fixed temperature two
75 watt domestic iron heating elements are clamped between
a thin aluminium plate and a thin sheet 0f Sindanyo, an
asbestos compound prepared for heat insulation, of the
same size. The aluminium plate is bolted in contact with
the back of the fitting holding the specimen. A large
box made of Sindanyo sheet encloses the heater and fitting
and the temperature of the specimen is raised to a value
controlled by & mercury contact thermometer and relay.

The thermometer bulb sits in a hole drilled in a small
block of metal which is bolted to the heating plate, the
hole being filled with mercury to ensure good thermal
contact between controller and heater.

Thermocouples are pressed bdbnto the specimen when 1t
is being bolted into position, and the temperature of the
specimen measured in the usual way. This system has been
found to control a témperature setting of 27.5%C to within

about 0.2°C with a constant temperature difference alohze
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the longest specimen of less than 0.5°C.

e) Strain Recording

The roller and mirror method of strain measuring is
used, as described by Henderson18° It is represented in
Fig. 5, 4 silver steel cylindrical rod D of diameter 2.54 mm.
or 5.08 mm. is placed between the long thin mild stecl
strip B, which is an extension of one of the steel sirips
gripping the central part of the specimen, and the flat
Ttace of the block E. This block is attached to a rod,
which is supported at its upper end on a simple knife edge
and "Vee" assembly in such a way that small weights
fastened to the counter-balance arm ¥ apply a force on
the roller just sufficient to retain it without slipping,
between the two vertical surfaces. The mirror, a plane
front silvered mirror, is fixed to the roller so that the
plane of the mirror is coincident with the axis of the
roller.

A beam of light, from a narrow slit, reflected at the
mirror is focussed onto a scale. Strain of the specimen
results in a vertical movément of the steel strip B,
relative to the block E, causing a rotation of the roller
and a deflection of the light bean. The position of

the 1light beam and hence the rotation of the roller is

registered photographically. In Pig. 6 H is a light—prodf
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YoxX carrying a perspex strip G on which is engroved nn
accurnte nctre scalce.

Sanll, split weoden dowels in the inside foces of tie
box constrain the scaole into an are, the cenire ol curva-
ture of which is o1 the plene mirror fixed to the roller,
sone 1.27 metres from the scalce. This distonce wne
calculated to nllow o single and direct conversion of
scale re ags into strain.

The bers of light from o narrow =1it J, awuwnted on top

of tue bux, is turned onto the roller mairror by @ plene

mirror X which reflects it onto the scale Focussing is
effected by the Llens L. Ilford 3% mm. recording paper,

attoched to rollers in boxes M cad fiy; is held firnly

agninst tine perspex scole. £ Sangsmo Shert Interval
Timer is counnected in the electrical circuiv =0 as to

couse tne lomp I o 1iizht for 5 scconds at a time, o

intervels which enn be sct by the Timer. in this wny
the etrrin is recordec automotically. The engraved

scale is formed on the prper as n shncovw iange LY
flashi g o small pen loop acunted in the actty of the sox
djoacent to the roller. In thiis wry sy sorininge of
the recording paper during developing snd fixing does nct
aftfect the accurccy of stroln acasureneints

Exposed recording poper is wound up ovnt oi the

recording box into o 35 mm. cossette in box M. Kew poper
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is fed into the recording box from a roll of pnper carried
in box i cn the botiom edze oi thie recowding hox.
The range of strain that con e r.corded ns. g a

5.06 mm. roller, is 0.2 snd the ssusitivity is 0.00004.

c) Photo raphy

A alcroscope P with conera R, Fig. 7,is mounted so
vt it can Tollow the verticnl movenent of o gZiver snnll
aren of the specinen suricce during stroir. The brass
plate T is Tfirmly bolted to the I scction frome which
supports the specineil, The wmicroscope projects through
o nolc in the front face of the Sindanyo bvox U, so 28 to
focus on the specinen, the specimen being illuaineted
normnlly by means of the verticnl illumiwator S, which

reflects the beosr of o 36 watt Tenslite Lonp.

2 nxperinent .l Irocedure

a) Freparotion of Specymen

(i) Hachining. e metnl s roceived in large

plates, mewosuring 8%x 8"x 3" in the case of lead. These
are cut dovn into sweller bloceiis of the reecuired size nnd
one face oi the bloci ande plone by progressive fly-

cutting, the woried leoyer belng kept as thin ns posaible

by the techhigue orf toiilng progressivel) snusller cuts.

o
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The small blocks are then bolted, plane face down, into a
specially made jig, and two grooves, each 1 cm. wide are
cut by the milling machine. The first cut is a deep one,
and leaves the web about 5 mms. thick. This thickness is
reduced to about 1.0 mm. by cuts varying progressively fronm
about 1 mm. to about 0.1 mm,, again keeping the worked
layer as thin as possible.

(ii) Annealing. The object of the pre-testing heat

treatment is to establish a standard specimen state.

E, J, Hooker19 has reported some significent experiments

on the ageing of lead following annealing treatments. He
found that specimens which had been annealed and then either
gquenched or slow cooled showed progressive changes in their
hardness value over several days. Hooker's work has been
repeated on the lead used in these investigations and a
similar ageing behaviour was found, as illustrated in Fig. 8
where hardness, as measured with the Vickers machine is
plotted against time after slow cooling. The period

which elapses between annesling and testing is, then, of
importance when standard conditions are essential, This
effect has been controlled by taking hardness measure-

ments before setting up a creep experiment, and rejecting
thosc specimens with hardness values which varied by more
than about 2% from an accepted standard figurc, 4.20 on

the Brinell scale in the case of this lead.
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The normal annealing treatment for lead has been 17 hours
at 100°C. This gives a uniform grain size of about 27
grainsto the mnb3,, as shown in Fig. 9. Fig. 10 shows
a specimen annealed at 150°C for 17 hours and indicates
marked grain growth.

The annealing treatment for cadmium was 17 hours at
150°¢C, The X-ray photographs, Fig. 11l and Fig. 12,0f a
specimen before and after annealing show the grain growth,
and the absence of asterism in Fig. 12 indicates that
the material is stress relieved. The annealing produced

2 grain size of about 350 grains to the mm3.

(iii) Stress Calculation. The length of the

finished specimen is measured by a nicrometer screw gauge,
and the thickne¢r of the webs by a clock gauge, reading to
0.002 mms., mounted on a solid stecl bed, the thickness
being given by the separation of the gauge plunger and a
reference dowel, protruding above the surface of the bed,
when the web is inserted between them. This procedure
‘allows the load-bearing area to be calculated to within

about 0.2%.

(iv) Metallography. The surface of one of the

webs is prepared for photography by etching, with concen-

trated nitric acid in the case of cadmium, and with



Russell's solution, followed by Worner and Werner solution,
inthe case of lead. These treatments give a field of
view in the microscope of even brightness, the crystal

boundaries showing as fine dark lines.

b) Creep Testing

The surface of one of the webs of an annealed speci-
men is etched as described above, and the specimen is then
bolted into the fitting with its thermocouples, loading
strips and dowels attached to it. The Sindanyo box 1is
closed by screwing home the front face and the microscope
and camera unit mounted in front of it, with the micro-
scope projecting through a hole in this front fage

The temperature control unit is switched on and the
specimen left to come up to the set temperature. A small
welght 1s permanently hung from the pulley wheel to give
a small upward pull on the specimen to compensate for the
welght of the loading strips attached to its central thick
part.

The roller and mirror system is set up so that the
image of the slit, focussed on the scale gives a suitable
reading for the start of the experiment and the recording
box is sealed. Recording paper is fed into the box, a
zero mark made by flashing the lamp, the timing mechanism

is started and the load applied.



The strain is recorded every minute for the first
few‘minutes, during which time the strain rate is high,
By flashing the lamp manually, It is subsequently recorded
automatically at suitable intervals, set on the Sangamo
Interval Timer,

A complete forward and reverse run can be recorded
on one length of recording paper, without confusing the
marks, by using a half-slit for the forward run and a full
slit for the reverse run. This dispenses with the necessity
of changing the recording paper at the reversal of the
stress, and so allows the rest period between forward and
reverse straining to be kept short.

A rest period of 1 minute was the normal practice.

The microstructure of the specimen is examined period-
ically throughout a test, and photographs taken when

degired.



RESULTS - IV

A, LEAD
1. General Form of the Forward Creep Curves

The general form of the forward creep curves, for
shear stress, obtained with the apparatus to which refer-
ence has been made, was described by Andrade and Jolliffe,
Part‘1115, They divided the process into three stages:

Stage Fy, in which the flow obeys a‘tyélaw,

Stage FII a stage of accelerating creep, and

Stage FIII’ a linear, quasi-viscous stage that
continues until rupture of the metal begins.

The limits of the stages are defined by character-
istic strains. In the case of pure lead, stage FI holds
up to a strain of 0.09, when stage FII begins. During
the FI stage the flow obeys the e%Pation

¥ = 4+ BtS
where ¥ is the strain at time t, A and B are constants.

Specimens of the new form already described, having
various lengths, were tested at constant stress and
temperature, the stress being defined as the load divided
by the length = weéb . thickness. In Fig. 13 are shown the
results for the different lengths indicated.

The laws as described by Andrade and Jolliffe were

found to apply. The creep curve for the shortest
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specimen passed through the forward stages earlier than
the longer specimens and in fact is the only one to show
any acceleration of strain rate.

The results in these three cases are plotted against
the cube root of time in Pig. 14. The validity of the
law with the new form of specimen is evident. As
described by Andrade and Jolliffe, the law is obeyed
between certain limits of strain, the immediate jump of
the shortest specimen being so large that the law was
obeyed from the start.

Comparison of the creep characteristics of the three
specilmens can be made conveniently by applying the tM5laW
to obtain the coefficient B, the slope of the straight
lines drawn in Pig. 14. The coefficient B, which gives
the creep rate at a particular time is higher for the
shortest specimen at the same stress and temperature, a
result to be expected, as already explained.

2. The "End-Effect"

The effect of the free ends of the parts of the
specimen subjected to shear stress, the "end-effect",
was investigated by measuring the creep curves of specimens
of various lengths between 2.5 and 12.5 cms., all at the
same stress and temperature. The coefficients A and B of
stage FI were calculated for each length from plots similar

to those in Fig. 14.
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The "end-effect" is made clear in Fig 15, where B is
plotted against the length of the specimen, 1. For
lengths greater than about 6.5 cms., the coefficient B
stays roughly constant, but as 1 is decreased from 6.5 cms,
B rises rapidly, increasing by about 60% fo% a specimen
2.5 cms in length.

An interesting confirmation of this relationship was
given by an experiment on a specimen 9 cms in length whose
thin parts or webs had been divided into three equal
lengths of just under 3 cms, by two narrow cuts across
each web. The 9 cm. specimen had thus been made into a
composite specimen, consisting of three 3 cm. specimens
in series, This composite specimen, and an uncut 9 cm.
specimen were tested at the same stress and temperature
and the results are shown in Fig. 15 as the black spots.

A striking difference in the creep rate of the two speci-
mens was observed. The composite specimen was found to
creep some 30% faster than the uncut specimen’ at any
time, a result that conforms very well with the general
form of the B-1 rélationship of Fig. 15.

Since B stays roughly constant for lengths greater
than 6.5 cms, a length of 7.0 cms was chosen for subsequent
investigations.

The distribution of strain over the webs has been

investigated. 4 rectangular grid of very fine scratch



marks was inscribed on the surface of a web bhefore
straining. A fine steel needle, mounted in a milling
machine head was used as the scribing tool, the specimen
being bolted to the table of the milling machine. In
this way a very accurate grid could be inscribed. The
specimen was then strained in the usual way, and after
straining photographs of the web were taken. These
photographs showed that the strain was uniform over most
of the web, but as to be expected, was non-uniform at each
end of the web.

A photograph of one e¢nd is shown in Fig. 16. The
strain at various points on the web was estimated by measur-
ing the angle between the grid lines, and in this way a
map of the strain distribution over the end of the web
has been drawn up, Fig. 17. The strain over the main
body of the web is 0,40, and it falls off towards the end
of the web, being gzero over a small area right at the end
of the web. This small area does not shear as the rest
of the specimen does, but rather turns about an axis
normal to the web. This causes extra metal to accumulate
at the top right hand corner of the web in Fig. 16, and
material to be withdrawn at the top left hand corner.

Aé strain proceeds, this is obviously going to result in
a tearing at the top left hand corner of the web, leading

to a complete failure 4f the specimen. Fig. 18 shows a
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short specimen, 2.5 cms long, after 1.00 strain, and the
tearing is well developed. The character of the failure

agrees with that predicted by Inglisl6o

3. Forward Creep Characteristics.

a) The Fi Stage

With a specimen of the selected length of 7.0 cms at

a temperature of 27.5°C the forward creep behaviour of
lead at different stresses was investigated.

In Pig. 19 are plotted three experiments, all at
27.5%C but with different stresses. The range of strain
is higher than in Fig. 13 and the creep curves of Fig. 19
show all the features described by Andrade and Jolliffe
for forward flow; stages FI’ Fﬁl and FIII’ Fiqr being
the final linear stage evidenced by the curve for the

highest stress.

The strain is plotted against Tgsin Fig. 20 and
again shows the range of validity of t%'creep, which is
for values of ¥ from about0.04 t00.09. Between these
limits of strain the tbg law is Obeyed very accurately as
is demonstrated in Table 1 Where the experimental values
of strain are compared with those calculated from the
coefficients A and B obtained by the method of least

squares. The differences in the values of strain are

very small for values of strain between 0.C4 and. 0.085
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The variation of creep behaviour with regard to stress is
shown in Fig. 21, where the coefficient B is plotted
against stress. The open circles represent experimental
results, and the line through them is the line given by
the equation

B = 0.0672 x &xp. ( 0.0739. )

where & 1s the stress.

As can be seen from Fig. 21, the experimental fit
to. the exponential law is very good over the whole stress
range. The upper limit of this range is determined by
the fact that recrystallisation begins at a strain of
about 0.09, so that as the stress is increased the duration
of the FI stage decreases until it becomes too short to
measure with the existing apparatus. The 1limit occurs
at a stress of about 52 kg/cm2c The lower limit of
strain for tlﬁ creep is about(.04 and so, as the stress

is decreased, the onset of F. takes place at greater and

I
greater times from the application of stress. At the
lower stresses the rate of increase of strain is so small
that to reach the critical strain at which the wvalidity
of its tyg law begins would require very long times, over
a wecek. The range of the stresses used in this invest-

igation is, then, the whole of the convenient laboratory

range, and over this range, the relationship between B
and stress 1s accurately exponential.



The lower line on PFig. 21 gives the relationship
between B and stress found by Andrade and Jolliffe with
the original specimen form for a different lead, lead I.
Again the law is an exponential one, holding accurately
over a wide range of stress, but failing at very high
stresses. Higher stresses are possible for lead I since
it recrystallises at a higher strain than does lead III.
The falling away of B at the higher stresses is similar
to the "sigmoid" relation of tensile creep rate with
stress reported by some workers.

Specimens of the new form have been made from lead I
and have been tested so as to make a direct comparison
between the two shear methods. The black spots on Fig.
21 represent the experimental results on lead I. For a
given stress, the constant B is higher for the new
rectangular specimen than it is for the circular specimen,
due of course, to the free ends of the rectangular
specimen.

In Table 2 the results, in the form of the coeffic-~
ients B, of the experiments at four different stresses on
lead I are shown. They are compared with the results
obtained with the circular specimen at the same stresses.
The ratio of the coefficients is given in the right hand
column of Table 2. The ratio shows no systematic

variation with changes of stress, the variations are
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andom about a mean ratio or 1.10. Results cbteined on
the rectongulsar specimen crn enslly be corrected icr the
end eifect thereiore, by cvividing the neasired constart

3 by 1l.10.

4, Forverd Creep ot Low Stralns.

It has been denonstrntec thot the forward crecp con
- - cr V@ o e n
oe described by a t 1oy betoeen certaln limits oI
strain, nonely 0.04 to 0.09 with lead III. In Fig., 22
c . 178 .
strain is plotted sgninst 173 for o specinen tested at o
low stress, ond the stroin reached 0.04 and begins  to

b2 § . . .
obey the t "3 law ounly after o coasiderable tine.

<l

An dnportant new result, recently Found by rndrade

ond Jolliffe ond confirned here, is that the strain below
Y,

OGOQ/ obeys a t 2 10w
Y = C +-Df%i

where Y is the strais at tine t, C and D are cin-

stoants,

In Pig. 23 the stroin for the experiment represented
in Fig. 22 is showm rerlotted agsninsd tlﬁ‘in the lowest
line. The tia law is very accurctely obeyed over o

stroin range 0.Cl5t0 0.04, as is devonstrated in Table 3

.

where the exjerinentol volues of sitroin are conp:.red

with those calculateu from the coeiiicients C and D
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obtained by the method of least squares.

At a strain of 0.04 the tl/z law is replaced by the
t1/3 law.

Also shownm in Fig. 23 are iwo tests at higher stresses
and in each case the range of strain over which the tl/é
law is obeyed is again about 0.015 to 0.04. Measurements
of the constant D have been made over a considerable
stress range and the variation with stress is shown in
Fig. 24. The circles represent experimental results,
and the line through them obeys the equation

D = 0.00L7 x exp (0.143q)

where G is the stress.

It is clear that the results obey the exponential
law over most of the stress range, but they begin to
fall below the line at stresses above 42 kg/'ch° This
is again similar to the tendency for creep rate to
approach a constant high value at high stresses, the
"sigmoid" relation, demonstrated in tensile experiments
by Andrade (1914).

The upper limit of stress for which D can be
measured is determined by the duration of the tl/? stage
at the high stresses. At high stresses much of the
strain range for tl/2 flow is taken up by the immediate

exvension and the subsequent creep rates are high enough
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to reduce the duration of the tl/? stage to a few
minutes, before t1/3 flow begins. This is the case
for stresses above agbout 42 kg/me, and this accounts
in some degree for the poor reproducibility of the
coefficient D at the high stresses, an effect shown
in Fig. 24.

The continuous nature of the transition from
t1/2 to t1/3 flow is demonstrated by considering the
result of & typical experiment, carried out at 27.8 kg/bm2
and 27.500, for which flow could be dewmcribed by the

two equations

Y = -0.00510+ 0.00645 +1/2
and Y = -0.02944+0,01895 4/3

in turn, the time being measured in hours. At a time
of 56 hours the first equation givesY = 4.314 x 10™°
and a¥/dt = 4.314 x 1073 hr.” ), and the second cquation
Y= 4.315 x 1072 and a¥/dt=4.309 x 10~ hr. I



>

‘_f'\ >

Do Forward Creep at Very Low Strains.

It has been denonstrated in the previcus sections
o e : %
that Forward creep can be described by b0 Lows, a t +
|
P
and t 2 1luw, ench apylysing beteen certoin limits of
. Y . .
strain. The t 2 law is not generally obeyed at strains
below about 0.01%. Iun Fig. 26 strain is plotted agoinst
Yoo . y .
t > for o test at a very low siress, The t > law is
accurately obeyed above Q0.016strain (Table 3). In PFig.
y)
27 the strain is replotted agoianst t 3 s and a very
good stroight lire is obtuined. The nevw tlﬁ lewr is obeyed
aliost from tue start to a strain of coont 0.015. The
new law @sy be written
. L
¥ = E 4Pt

I3

The accuracy with which the t© 3 15w is obeyed is denon=
ctrated in Table 4 where the observed values of strain
are coupored with those calculated frouw the coerlricicents

B and P obtsined by the metihncd of least squores.

The constant F hos Leen uensured over o ronge of
stresses oand the resulis e shown in Piz. 28, The

cireles ore experinent -l results and the line taroush
ther is the line given u, the egurtion
o § "'5 . ’
F = 6.16 % 10 Z.exp(0.2116)
The exponentinl law is obeyed accurately over the ronge

of stresses tested, The upper 1linit of stress for which

P can ve neasured is ngoln deteraivned by the durstion of



the tzyéstage. By considerations similar to those
employed in the previous section it is found that the
tr&%stage is too short to measure at stresses above about
30 kg/cm?2 | L

The forward creep chdracteristics may be summarised
briefly.

Two new laws, additional to those reported by
Andrade and Jolliffe, Part II, have been cohfdrmedal.
From the start the strain obeys a t)ngaW unless the
immediate Jump is greater than about 0.015.

Between 0 015and Q04 the strain obeys a 72 law, and
this passes into a + "3 law at a strain of aboutQ.04.

The t}§ law is valid for strains up to 09, the strain at
which recrystallisation sets in.

The coefficients of the three laws, B, D and F are
all related to stress at constant temperature by a simple

exponential law.

6. Photo-micrographs

It has not been possible to make an exhaustive photo-
graphic investigation of the various forward stages in
the creep of lead, but in Tigs. 29 (a)-(h), a series of
photographs taken during a typical creep test is shown.,

Given with each photograph is the strain at which i+
was taken. Pigs 29(a) and (b) were taken in the tlﬁ



range. They show very little evidence of deformation,
only very fine slip and a little coarsening of the grain
boundaries. Figs 29 (c), (d) and (e) were taken during
the t 72 stage. Slip.is slightly more evident in (c)
than it was in (b) and a second slip system has appeared
in the large grain. In (d) and (e) the slip becomes
gradually more obvious, but it is still only slight in
(e). The grain boundaries have become slightly coarser.
Fig. 29 (f), well in the t;é range, shows slip which is
now coarse and new slip lines have appeared, for exampie,
in the grain in the top right-hand corner of the photo-
graph, Grain boundary deformation is pronounced and
the surface of the specimen shows signs of rumpling.

Fig. 29 (g) was taken when the tpg range was nearing

its end and the slip is extensive and very coarse and
the grain boundaries show signs of extensive damage.

The final photograph Fig. 29 (h) was taken when the strain
had passed out of the tbﬁ range, the deformation is even
more pronounced than in (g), the slip is coarser, the
grain boundaries severely damaged and the rumpling more

obvious.

7. Reverse Creep Characteristics.

Andrade and Jolliffet%'1% have studied the effect

of reversal of stress, and they found that if the stress



be reversed while the stage F. is in progress, a creep

1
linear with time takes place, This initial stage is
followed by a stage which is governed by a ty% law. The
'lsl/3 stage 1s succeeded by a stage in which the creep rate
increases according to a logarithmic law, and this in
turn is followed by a final linear stage which continues
until rupture of the metal begins. (Andrade and JolliffelS)
Andrade and Jolliffel” used the following symbols to
describe the various reverse stages:
Stage R,~ linear - no corresponding forward stage
Stage RI~ t stage -~ corresponding to FI
Stage RII ~ stage of acceleration - corresponding to FII
Stage RIII - linear - corresponding to FIII |
Reversal~expériments carried out on the new form of
specimen give results which agree in general with those of
Andrade and JollifTe. In Pig. 390 is illustrated a typical
result. AB is the region of forward creep obeying a ta/é
law. Upon reversal of the stress there is an immediate
jump BC followed by a strictly linear reverse flow CD.
This is stage Ry. From D to E;, stage RI’ the strain

obeys a tyé law and at E stage RII’ thé stage of acceler-

ating creep begins., In general the range of the record-
ing system does not make it possible to make measurements

on the reverse stages at high strains.

The early reverse stages will now bhe considered in
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moreydetail°
a) Stage R,

The first reverse stage in the case of lead is the
linear stage Ro. Fig. 31 shows two reversal eXperiments
at different stresses, where the stress was reversed during
the forward t+/3 stage. This is a condition of prime
importance (Andrade and Jolliffel® Part II, p.300) and all
results discussed here have been obtained under such a
condition. In both the tests to which Fig. 31 applies,
the results were obtained at different stresses and the
stress was reversed at the same time tf. On reversal
of the stress there is a small immediate strain jump and
the flow thereafter is strictly linear according to the

equation
’ Y=a,—b(t-—‘tf)

The results of two more reversal experiments are
shown in Fig. 32, but here the time at which the stress
was reversed was different in the two cases. The Ro
stage is again clearly established.

Two points arise out of these and other reversal
experiments.

Firstly, the duration of the Ro stage is equal to

%., the time of the forward t+/3 stage. In Fig. 31 the

£
stress was reversed, in both cases, at the same time

tf and the Ro stage, at two different creep rates,; con-
tinues to th, In the case of different forward times,

Pig. 32, the duration of R, is again equal to that
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of the forward stage.

Secondly, the creep rate of the R, stage, b, is
related to the rate of forward flow just before reversal
of stress, given by %)B.fgaa. The relation is shown in
Fig. 33 where the rate of linear reverse flow is plotted
against the final forward creep rate.

The results of this investigation fall between the

7z
two full lines representing values of the ratio 3(b/B)tfh

of l.47and 1.,0. This is a fairly wide variation in the

ratio but it does not vary systematically with either tf

or b, and must depend critically upon the precise conditions

of stress and temperature, and the period of rest between

forward and reverse stressing. The results of the Andrade

and Jolliffe investigation are given as the broken line,

representing a ratio equal to 2.0, on Fig. 33 They

found much less variation in the ratio, but the two methods

clearly give different results on this point, the mean

ratio of this investigation being 1.25 as compared with

2 for that of Andrade and Jolliffel5,

b) Stage Ry
After the linear stage R , the reverse flow passes

into a stage where the strain obeys a t%élaw. In Pig. 34

}/
the reverse strain is plotted against t°3 and the fit to

the law is excellent over a considerable range of strain,

beginning at the time th. Following the notation of
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Andrade and Jolliffe this stage can be described by the

equation
Y =a4' - B' (% - tf)1/3

The value of B' is governed by the value of B, and is
independent of t., as can be seen in Table 5. The ratio
B!'/B again showed random variations, though less than

the ratio Ba(b/B)tf"z/3 did. The inference is that the
rate of flow in stage RI is rather less critically
dependent on conditions than is the rate of stage RO.

4 mean ratio of 1.38 for B!'/B however, again differs
significantly from that obtained for the Andrade and
Jolliffe specimen, 1l.72.

The fact that B'/B is constant whatever the stress
implies thot B!, like B, obeys an exponential law with
respect to stress

B'= 1.38. [ 0.0672 x exp(0o07390')]

8. Repeated Reversals.

The behaviour of lead when subjected to repeated
reversals of stress has been briefly investigated.

For the first test, shown in Fig. 35, the stress
was reversed every 40 minutes. The first forward stage
obeyed the t1/3 law in the usual way, and the first
reverse stage obeyed the linear law of stage RO°

Following the next reversal of stress, a
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second forward tbé stage occurred, followed again by a
linear stage and so on. The forward and reverse cycle
was in fact repeated four times. In Fig. 36 all four
cycles are plotted together and it is seen that aftef
the first cycle the successive cycles repeated exactly
the previous cycle, the coefficients B and b being the
same.’ Due to the fact that the specimen suffered more
strain during t%gcreep than it did during linear reverse
creep, there was a gradual shift of the cycle with respect
to the strain axis, In other words, the strain at the
end of each forward stage gradually increased.

A second repeated reversal experiment was carried
out, and in this case the stress wasvreversed every 60
minutes, Fig. 3T The first forward stage in this case

A
exceeded the t3 range, and successive cycles showed higher

and higher creep rates.
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B. CADMIUM

1. Forward‘Creep Characteristics

The investigations into the forward creep behaviour
described above for lead, a cubic metal, have been
repeated, in outline, for cadmium, a hexagonal metal.
Much greater stresses are required to produce creep
rates for cadmium which compare with those for lead.
A limit to the load that could be used was set by the
design of the apparatus, and so that the maXximum possible
range of creep rates could be investigated the temper-
ature of testing was increased for cadmium to 47.5%¢.

As in the case of lead, the forward creep of
cadmium has been found to obey a series of laws.  These
will now be considered in turn.

b
a) % Pstage

Tests have been made on 7.0 cm. cadmium specimens,
of the same design and dimensions as the lead specimens,
over =2 range of stresses. Fig. 33 represents two of
these tests. In Pig. 39 the strain is replotted
against tzé and in both cases the strain obeys the well
3

5,/
1aw} Y=p + Bt'3 for strains in excess

of about 0.04. The effect of stress on the coefficient

established ©

B is made clear in Fig. 40. The circles are experi-

mental results and the line is given by the eguation
B = 0.134, exp(0.02197)
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The experimental results fit the exponential law
fairly closely over the whole range investigated.

b) 51/2 stage

In Fig. 41 the strain of Fig. 39 is replotted
against t1/2 and for strains of less than about 0.035
the flow accurately obeys the law

Y = ¢ + pi/2

The t1/2 law breaks down for strains below about
0.015, but if the immediate Jjump of strain is big
enough, the flow obeys the t1/2 law from the start.

In Fig. 42 D is plotted against stress, and once again
the experimental results agrece roughly with the line
calculated from the equation

D = 0.00836 x exp(0.039@)
c) t2/3 stage

At very low strains, below about 0.015, the t1/2
law is generally not obeyed and in Fig. 43 is cshown &
test at a low stress. There is a considerable initial
range for which the law is not obeyed. In Fig. 44 the

stroin below 0.02 is plotted against 273

and again, a
good straight line is obtained almost from the start.
The flow obeys the equation

Y = £+ 72/3

The relationship between F and stress has not been
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investigated.

At the very low strain rate of Fig. 44 an effect
becomes apparent that did not occur in the creep of lead,
the irregularity of the veriation of strain with time.
While the linear relationship is very good for the average
strains taken over short intervals, the individual points
show an irregular scatter about the straight line. This
is particularly noticeable at very low strain rates, but
any part of the creep curve for cadmium shows the effect
if the strain scale is sufficiently expanded. In Fig. 45
a creep curve for a reasonably high stress is plottedlwith
an expanded strain scale and it can be seen that the
irregularity is present over most of the curve, only
becoming unnoticeable when the creep rate is very high at
the start of the experiment. Furthermore, the amplitude
of the irregularities is roughly constant over the whole
test, It is thought that the irregularities, or small
strain Jjumps are the result of twinning.

The twinning of tin gives rise to the well known
effect, the "cry" of tin, and it was noticed that a
cadmium specimen, when coarsely bent by hand gave off a
similar "cry", a burst of metallic clicks., It should,
therefore, be possible to investigate the strain irregul-
arities using a microphone and loudspeaker system. Such

a system has been set up. The tip of a sensitive
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"pick-up" microphone was held firmly against the cadmium
specimen during a creep test. The output of the micro-
phone was fed, through an ramplifier, to a small loud-
speaker. On applying a load to the specimen a burst of
metallic clicks was heard, The frequency of the clicks
graduglly fell until, at a late stage in the creep test,
the clicks were occurring either singly or in pairs at
irregular intervals.

It has not been possible to make a gquantitative
investigation along these lines, but it does seem possible
that the clicks may be related to small jumps in the creep
curve and so at a very low creep rate, where the jumps
occur at intervals of something like half an hour, it may
be possible to relate individual clicks to individual

Jumps.

2. Reverse Creep Characteristics

. V2
a) Reversal during forward t72 stage

In Pig. 46 is shown the forward and reverse creep
curve of a cadmium specimen where the stress was reversed
during the forward tyﬁ stage. In Fig. 4% the reverse
strain is plotted against tbé and the relationship is
accurately linear from tyé equal to about 3.2 onwards.

1
The ratio of reverse to forward coefficients, 3 /B is 1.31.
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The misfit to the t1/3 law at the low reverse
strains is an effect not found by Andrade and Jolliffe in
their early work, but some confirmation of it has come
from some recent work by Andrade and Jolliffe on the
same cadmium. The reverse creep of lead also showed a
first stage not obeying a t1/3 law, stage RO. Cadmium
shows no linear RO stage, but the strain during the .
early part of the reverse curve can be fitted to a t2/3
law, Pig. 48.

b) Reversal during forward tl/? stage

A second reversal experiment, Fig. 49 has been
carried out, at a much lower stress than that above,
the forward creep being stopped when still in the t1/2
stage, Fig. 50. The reverse strain could also be fitted
to a +3/2 law, Fig. 50. Tt is evident that the +1/2
law is obeyed almost from the start, there is no exten-
sive early region of misfit. The ratio of reverse 10
forward coefficients, D'/D is 1.24.

The reverse behaoviour of cadmium needs much further
'investigation, but the above results serve to indicate a
general pattern, that of the reverse creep obeying the
same law as does the forward creep, with a greater
coefficient, indicating a decreased creep resistance in

the reverse direction,
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DISCUSSION -~ V

1. The End Effect

The first object of the investigation into the end
effect was to ascertain a suitable length for specimens
of the new form. A length of 7.0 cms was selected, for
reasons described in Section IV,

The results of the new method were then related to
those of Andrade and Jolliffe by making tests on 7 cm.
rectangular specimens made of the lead I used by these
investigators. As described in the previous section
the ratio of the coefficients B obtained by the two
methods has been found to be independent of stress and
has a mean value of 1.10, The effect of the free ends
of a rectangular specimen may therefore be eliminated
very simply.

Andrade and Jolliffe have shown that, for lead I,
the relationship between B and stress, over a considerable
range of stress, is exponential

B = 0.0409, exp(0.0770®)

The coefficient B obtained by the new method obeys

the law
B =1.10 [ 0.0409. exp( 0.0770¢) ]

The exponential factor is therefore unchanged. It



may be asgssumed that the fundamental character of the
creep process is unchanged by the geometry of the new
form, since the dependence of creep rate on stress is

unchanged.

2 Forward Creep

a) The absence of the permanent component

Attempts to fit mathepatical laws to the experimental

Creep curves began about fifty years ago with the Andrade

|- <t+ ‘%F%> 6KC

which applies to tensile creep experiments.

Law

Tensile creep, according to the law, is composed of
two creep processes, ﬁ and K creep. Andrade associated
ﬁ creep with deformation within the grains and X creep
with deformation at grain boundaries. This concept is an
over-simplification'of the two processes since single
crystals show K‘creep?

Since 1914 many workers have confirmed the validity
of the law for tensile creep. The experiments made on
creep under conditions of simple shear stress are remark-
able in the first place because the K component, called
by many workers the permanent component, of creep is

absent. Between certain limits of strain the creep is

described by the Andrade equation, with the constant H
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set equal to Oy L
. Y = \/O(/‘\..sr(ét'%)

where Y and y; are shear strains.

Onée the mathematical laws of the creep processes
have been established the photomicrographic and X-ray
investigations are likely to offer the best clues as to
the nature of the processes. The shear method used here,
and by Andrade and Jolliffe, enjoys the advantage over
normal tensile methods that the surface of the specimen
remains of constant area throughout the test and so is
likely to afford reliable guidance as to the general

13

behaviour of the metal. Rachinger
12

, and Andrade and
Kennedy have pointed out the dangers of taking the
behaviour df the surface of tensile specimens as repres-—
entative of the behaviour of the metal throughout the
specimen.

]
15 snowed that t°2 flow in +the

Andrade and Jolliffe
shear experiment is accompanied by progressive slip and
local rotation of the lattice.

It has not been possible to make any extensive
investigation of the metallographic features of forward
creep with the new method, but the series of photographs

which covers all three forward laws hasg been described,

Within certain limits of stress the coefficients B,
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D and F of the three forward creep laws have been found

to vary wilth stress according to an exponential law,
However in the case of thie measurenments of the coefficient
D presented here, and of the measurenents of Andrade and
Jolliffe on lead I, at the highest stresses the experimental
values are lower than those predicted by the exponentinl
lavw, There must also be a lower limit of stress below
which the exponential law is not obeyed, since the expon-
cntial equation gives a finite value for the coefficient
at zero stress, The stress at which the law breaits down
probably depends on the method of creep testing - a
highly sensitive method, able to measure very low creep
rates might well find the law to be valid at stresses
lower than those here recorded.

The forward creep of cadmium shows very simllar
'characteristics to that of lead but with iuch lower creep
rates for any given sitress. It was in fact necessary to
increasc the temperature of testing in order to extend the
range of creep rates tested. The difference in creep
strength between the two metals is strilking when it is
renembered thet the melting polints of the two metals are
very close to one another, the difference in strength
being attributoble to the difference in the atomic forces

and atomic arrangement in the two cases,
The phenomenon of jeriy, or non-nomogeneous creep
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reported here for cadmium is not a new phenomenon.
Andrade in 1914 reported similar behaviour in the case
of copper. In the case of cadmiumﬁtwinning may cause
enhanced non-homogeneity which can then be measured on
the apparatus used in this investigation.

3. Reverse Creep Behaviour.

A significant advantage of the shear creep method
over the tensile creep method is that with the former the
creep behaviour under reversed stress can be studied. A
detailed study of the reverse behaviour of lead, and brief
study of that of cadmium has been made.

In the case of lead, reversal of stress during‘tyé
flow in the FI stage is followed by a creep linear with
time as described by Andrade and Jolliffe, As found by
them, the duration of the linear stage is equal to that of
the FI stage, but in the present tests, the rate was
markedly less than the twice the final rate in the FI

stage reported by them. :It varied from 1.0 to 1.5 times
the final rate. It would thus appear that the duration
of the R, stage is more fundamental than the rate. In
one experiment the stress was reversed after the‘forward
stage had passed out of the tvs range, in which case the
reversé flow was abnormal, This emphasises, as Andrade

i1
and Jolliffe pointed out, the fundamental nature of tl5flow.



As found by Andrade and Jolliffe, the linear stage
is followed by aAt%istage, the time being measured from
the time of reversal.

In the case of cadmium, only two reversal experiments
were éarried out, in one case during the tik“stage and
in the other during the tygstage. In both cases the
reverée creep obeyed the same law as the forward creep,
with an increased constant.

For 21l but the final linear stages the coefficient
for the reverse stage is higher than that for the equiv-
alent forward stage. Andrade and Jolliffe have supposed
that as a result of prior deformation, yield is easier,
not only on the slip planes which have been active but
also on latent slip planes.

The ratio of revefse to forward coefficients B,
obtained by the two shear methods, differs, being 1.73 for
the circular specimen and 1.45 for the rectangular
specimen. Once more it appears that while the general
laws are the same in the two methods of testy there are
differences in the constants. These differences for
the two methods must be a manifestation of the end effect.
It may be that the rectangular specimen, due to its free
ends, is unable to sustain the internal stresses built
up during forward creep to the same extent as can the

circular specimen, The reverse stress in the case of
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the circular specimen would then be augmented to a
greater extent by local elastic stresses than would
the rectangular specimen.

The experiments on repeated reversals gave results
to be expected from the behaviour reported above. With
lead, when the direction of stress was reversed at inter—
vals sufficiently short for the forward stages to be

entirely t1/3

in character and hence the reverse stages
linear, succesgive forward stages and successive reverse
stages suffered an upward shift along the strain axis.
This shift progressed over the four cycles recorded and
the specimen had by the end of the test suffered a

total forward strain of 0.11 entirely by t1/3

creep. The
periods of reverse creep therefore allowed an effective
extension of the range of forward 451/3 creep, and there

4173

was no sign of any strain limit for forward creep
obtained by this method of repeated reversals.

The second repeated reversal experiment showed the
effect of exceeding the Py stage. The creep rate at
the end of each successive forward stage increased. It
is likely that the rate would go on increasing until FIII
or RIII stage was reached.

It is clear that this new method of investigating

the creep of metals under simple shear has much to



L}
ey

offer, I+t has here been used to help obtain a clearer
understanding of the creep behaviour of lead and cadmium.
Due to its great advantage of simplicity of specimen form
and the general advantages of the shear creep investigation,
the new method may well find applicafion both in thé

industrial study of creep and in the problem of fatigue20.
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TABLE 1
PINE CALC. 0BS - DIFFERENCE |.
(MINS.) STRAIN STRAIN (OBS-CALC)
%1072 %1072 x107°
1 3.645 _ 3.624 _ =0.021__
— T2 T |7 4166 4.162 ~0.004
3 4.531 4,528 -0.003
4 4,822 4,824 0.002
57 5.069 5.070 0.001
10 5.959 - 5.960 0.001
15 6.584 6.588 0.004
20 7.082 7.078 -0.004
30 7.870 872 0.002
40 8.497 8.500 . 0.003
— 50 |7 " 9.026 | 9.096 0.070
60 9. 490 9.702 0.212 -
70 9.903 10. 306 0.403

Stress = 45.8 kg/cmgz Temperature=727.500

X =0.01640 + 0.02005 /3
Between X'= 4.162 x 10~° 2ndY= 8.500 x 10~
range of 4.338 x 1072

2
R

the average deviation is

about 0.002 x 1072, or less than 1 in 2000




TABLE 2

DERIGY B 7
(g/en”) min:élZBDxlOz miﬁy‘/ BBA;TC 102 D/BAJ
40.6 1.02 0.92 1.10
46.0 1.52 1.40 1.0%
45.7 L.54 1.37 1.12
60.0 3.85 3.60 1.07

llesn B BAJ = 1.10




\A
Q2

TABLE 3
TINE CALC, 03S. DIFRERRHCH
(HRS, ) STRAITG DTRATY (055=CeLC
x107< x1072 x1072
5 0.535 0.984 0.045
6 1.070 1.108 0.038
7 1.200 1.220 0.020
8 1.315 1.332 0.017
9 1.425 1.438 0.013
10 1.528 1.536 0.008
11 |7 T e | 1.6  0.003
12 1.722 1.726 0,004
13 1.818 1.818 0
14 1.902 1.300 0.0C2
15 1.986 1.590 0.004
16 2.070 2.076 0
17 2.147 2,140 ~-0.001
18 2.224 2.220 -0.004
14 2.302 2,298 -0.004
20 2.373 2.3756 0.003
21 2. 444 2,444 0
22 - 2.515 2.516 0.001
23 2,556 2,584 -0,002
24 2.651 2.654 ~0.003
25 2,715 2.7i6 0.001
26 2.780 2.7 4 0.004
27 2.844 2.540 -0.00C4
28 2.502 2.904 0,002
27 2.567 2,562 ~-0.005
30 3.025 3.03C 0.005




PeaLE 3 (contb. )

TIIE CaLC. 035, DIFR:REHCE
(HMRS.) STRATH SPRATH (03=CATC)
ol 10" :":.1@"2
31 3,08 3.068 0,005
32 3.141 3.142 0.001
33 3.159 3.15¢ ~-0,001
34 3.251 3.256 0.005
35 3. 305 3. 310 0.002
36 3. 360 3.369 0,002
37 3,412 3.414 0.062
S 3,463 3.4054 0.001
39 3.521 3,518 -0.003
40 3.567 3.572 ‘0. 005
41 3.618 3.616 0
42 3.670 3.664 -0.006
43 3.721 3,716 -0.005
44 3.766 3.770 0.004
45 3.518 3.815 ~-0.002
06 3.863 3,054 ~0.005
&7 3.915 3.912 ~0,003
58 3.960 3.956 -0.004
£9 4,005 4,006 0.001
50 4.05C 4,054 0,004
51 4. 095 4,096 0.00¢1
52 44140 4,136 -0,004
53 4,166 4,166 0
54 £,231 4,228 -0,003
55 4,276 4,272 -0.004
50 44315 4o 314 -0.001




60

T.8LE 3 (cont.)
i CA:TJC R 0BS5S . DIPFERINCHE
(IIRS., ) DIRATL STRATLE (025-C10 )
%1072 x10~%2 %10
57 4'0 360 4 . 354 ""Oo O(:C)
55 4o6444 4,434 -0.010
60 44 4.3Y 4ebTé -0.015
61 4,527 4,514 -0.013

Stress = 27.8 kg/om2: Temperature = 27.5°C

Y = -0.00510 + 0.00645 /2

BetweenY = 1.634

X

107¢

andY = 4,314

X 10—2,

range of 2.680 x 10“2, the average deviation

is 0.003 x 107° or approximately 1 in 900.

a




[

=t

61

TabLE 4
WIHE CALC. 0BS. DIFFERENCE -
(IRS. ) STRAIN STRATN (CT5-CALC)
x10~% %10~¢ x10~2
1 C. 367 | 0.392 | 0,025
2 | o.mvt | 0.5%8 0.001
3 0.711 0.714 0.003
4 0.859 0.858 -0.001
5 0.58 0.584 0
6 1.106 1.108 0.002
7 1.222 1.220 ~0,002
8 1.330 1.33%2 0.002
S 1.436 1.436 0.002
10 1.536 1.536 0
11 1.634 1.634 0
12 1.729 1,726 -0.003
13 .20 | 1818 | -o.002
T S 1.900 -0.014
15 1.995¢ 1.950 ~0.0(8
16 2,006 2,070 ~0.,016
17 2.169 2.146 -0.023
18 2,251 2,220 ~0.031
Stress 27.8 kg/bmz; Temperature 27.5°¢
Y = 0.00047 + 0.00321 $2/3

s o - -7
RetweenY = 0.558 x 10 2 and Y= 1.818 x 100 , a .

_Yange
0.0015 x 10~

2

of 1.260 x 10"2, the average deviation is
, or less than 1 in 1000.




TAGLE 5

Stress,. b 331/35 Stress, e ﬁl/s
(x/enc) | (apifis ) (kg/c1n®) | (mids)
3542 65 1.42 41.6 50 1.46
41.06 50 1.57
37.8 40 1.30 41,4 50 1.54
38.0 300 L.32 42,0 40 1.30
_ 45,0 4G 1.24
40,7 50 L.46 45.0 50 l.45
45,0 50 1.13
41.1 50 1.46 47.5 30 1.22
41.1 €10] L.52
41.2 50 1.35 4.5 4G 1.32
41,2 50 1.50
41,2 50 1.25

Lean 31/3 = 1,38
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