Some Experiments on
The Effect of Repeated Stresses
on Materials.

Paper read by Professor F C Lea, DSe, MInstCE,

M I Mech E, before the Institution in the Lecture Room

of the Junior Institution of Engineers, 39, Vietoria Street,

London, S W 1, on 13th January, 1927 Dr A P Thurston,

DSc, MBE,FRAeS,MIAE,etec (Honours Member),
1in the Chair

N mtroducing the lecturer, Dr Thurston said Professor Lea 1s a dis-
Itmgulshed engmeer and professor of engineering, very well known both 1n

aeronautics and 1n the world of general engmeering He 1s a Whitworth Scholar,
the first, or one of the first Doctors of Science (Engmeering) m the University of
London, and the author of many valuable researches During the war he was
responsible for many researches of great value to the nation, not only in the design
of aeroplanes as a whole, but also 1n construction of metal parts and fittings Pro-
fessor Lea’s activities have been so numerous that 1t 1s difficult to give a brief
summary of his life work n a few sentences, but we may be sure of this—that
the paper which he will give us to-night will add to his already great reputation,
and at the same time be a most valuable contribution to our own Proceedings
I now have pleasure in calling upon Professor Lea to read us his paper

Professor F C Lea A very large amount of data on the effect of repetition
stresses has been gathered during the last ten years , and 1t can truly be said that
the development of aircraft during that period and the difficulties that have had
to be faced and only partly overcome have given a remarkable mmpetus to the
study of this important subject

T'he time that has been available to write this paper, sandwiched as 1t has been
with many other activities, has made 1t possible to refer only to certain parts of
the subject, and that very mmcompletely The sequence will rather reveal the big-
ness of the subject than finality

It would take a very large proportion of the space available to refer to the
published work 1n this and other countries, and the author does not propose,
therefore, to deal with the bibliography of the subject This decision, however,
seems to demand some apology to the many workers who have made contributions
to the subject and particularly 1t would appear ungracious to Gough, Griffiths,
Haigh, Hankin, Hanson, Jenkin, Mason, and others in this country, to Jasper,
McAdam, Moore, and others in the U S A, not to mention workers on the con-
tinent of Europe and 1n Japan
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8 EXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MMATERIALS

During the war m co-operation with Commander Jenkin the author was led
to carry out repetition stress experiments on *aluminium alloys for aircraft, includ-
ing duralumin and the cast alloys for engine parts, and to consider problems
that arose m connection with fractures under repeated stresses of springs, crank
shafts and other engine elements

Several points arose out of those early experiments, which have been much
more closely followed up by the post war work These tests have shown (1) that
with certain materials the range of repetition stress did not appear to have anv
definite relationship with the primitive elastic limit of the materal, as then defined,
or to be more accurate with the primitive limit of proportionality and that speci-
mens would resist ranges of stress much greater than the apparent proportional
range for very many rmllions of repetitions

(2) tThe number of repetitions which would be resisted by a specimen for
certamn ranges of stress depended upon what mught be called the path of loading,
or in other words the range of stress could be considerably raised by gradually
raising the applied stress while the specimen was going through cycles of stress
The author was able to show later that a mild steel specimen could, by gradual
loading, be made to resist for 20 million repetitions, a range of stress 25 per cent
greater than the range that would break 1t 1n less than 13,000 repetitions, 1f applied
at once to the specimen

(8) That even cast alloys could be run for more than 250 million repetitions
without fracture providing that the range of stress was below a certain amount
Subsequent experiments have shown that very many more than 250 mullion
repetitions can be applied

(4) Changes of form, or discontinuities of section were of some importance
and that ranges of stress at such discontinuities, less than those at other more
favourable parts of the specimen nmght cause fracture Subsequent work by
Thomas and others since the war has shown that the lowering of the range 1s not
nearly so great as would appear to be indicated by the Elastic experiments of Coker,
and by the theoretical analyses of Griffiths, Southwell and Gough

(5) That the safe range of stress for a given material could not safely be
implied from short runs of from 1 mullion to 8 mullion repetitions but that fractures
after from 10 to 15 mullion repetitions probably gave the range within a very
few per cent of the safe range

(6) Tests were run at speeds ranging from 1,000 to 4,000 repetitions per
munute on the Wohler type of machine and these indicated that the safe range
was not much affected by speeds within these limits at ordinary temperatures
Subsequent work has shown that at high temperatures the rate 1s very important
and Jenkm has shown that even at ordinary temperatures when the number of
repetitions per minute 1s very high, or of the order of thousands per second, the
range of repetition stress 18 higher than at the lower speeds The Wohler type
of machine gives results agreemng fairly well with those from the Haigh machine,
especially if the Wohler specimens are hollow

* Matenals for Aircraft Jenkin  Proc Royal Aeronautical Society, 1919
+ Loc Cit and Engineering, Feb , 1923
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EXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS 9

(7) Following, as 1t subsequently transpired, the methods used by Smith,
Mason and Gough, attempts were made to draw load-strain diagrams for speci-
mens subjected to repeated stresses These soon mndicated that for normalised
mild steel the load strain curves showed deviation from proportionality at stresses
very close to those which would cause fracture at between 50 and 90 mullion
repetitions, but for other materials, cold drawn steels and brasses, quenched and
tempered steels and alloy steels 1t was very difficult to determine the fatigue
range from such curves A great deal of work, to be referred to later, has been done
upon this pomt both on the W ohler type of machine and n the beautiful machine
designed by Haigh, but 1t can hardly be said that except for certain special materials,
reliable fatigue ranges can be obtamed by this method

(8) The effect of vibrations upon the fatigue range may be serious and
small blows may cause fracture at comparatively low fatigue ranges It, however,
transpired even with a material like duralumin, that a specimen could run at a high
speed such as, for example, 4,000 revolutions per minute, with a certamn amonnt
of vibration and the range of repetition stress for more than 10 mallion repetitions
would still be, say, 80 per cent of the range for the most perfect conditions

Turning for a moment from the experimental side to the practical side very
many anomalous causes of fracture, viewed in the light of these experiments,
have been brought to the author’s notice, and no doubt such 1s a common experi-
ence

Fic 1
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10 EXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS

Fig 1 shows a fractured motor shaft which broke at the bottom of a thread
The motor drove a pump from an overhanging pulley and no doubt there was
some shock, during driving, 1n fact much more than 1n any of the cyclical exper-
ments which are generally carried out or which are referred to under the headings
1 to 8 'The stresses calculated by the ordinary theories of torsion and bendmng
were very much lower than those which the results given in published data would
indicate as safe ranges for this material, even allowing for the rather sharp angle
at the bottom of the thread

A microscopical examination of the structure of the materal, however, showed
that 1t was * large grained ”” and an Izod test showed that, although the elongation
per cent and tensile strength were about the same as those from another piece
of mild steel of finer grain, the mmpact factor of the standard specimen was only
22 Ib ft, as compared with 88 b ft, for the fine grained material In the Light
of experiments which the author has carried out on materials of very variable
Izod factors 1t 1s clear that the low impact factor would not be serious for small,
up to say, one mullion blows, although 1t of course would for a large blow

Another example to which the author’s attention was drawn recently 1s of a
rallway axle which was found cracked within the wheel, but 1t had not broken It
was subsequently fractured ‘There was evidence of fatigue failure, as shown
by the smooth fracture to within 1 inch of the surface, but the axle did not actually
break 1n service The stresses calculated 1n the ordinary way were again very much
smaller than might have been expected to produce fracture in this steel, but the
nature of the blows to which 1t had been subjected as 1t passed over rail joints,
pomnts and crossing, etc, could not be known An interesting point about the
axle, however, was that careful measurement showed that there was every pro-
bability that near where the fracture started the grip of the wheel upon the axle
was exceptionally tight Figs 17 and 18 show tubes that have been subjected
to repetition stresses and held mn collets The stresses during the test at the reduced
section of the tube were 1n some cases 100 per cent greater than at the section where
the fracture occurred The sudden discontinuity apparently was a very important
contributory cause of the faillure A remarkable case 1s referred to later in which
a copper alloy specimen held m a collet, was run for 565 mullion repetitions at
a range of stress of 10 1 tons per square inch 1 the reduced part of the specimen
After 565 mullions the load was raised so that the range of stress in the reduced
section was 12 24 tons per square inch After a further 87 11 million repetitions
the specimen broke just m the collet where the range of stress, as calculated from
the bending moment, was only 8 tons per square inch 'The appearance of the
fracture suggested that 1t had been probably cracked for quite a long time and that
at the time of fracture the range of stress was no doubt much greater than 8 tons
per square inch These cases, which could be supplemented by many others,
are mentioned to show that the problem of repetition stresses 1s far more involved
than a mere determination of the ranges of stress obtained from ideal laboratory
conditions and that the rather abnormal conditions that may occasionally occur
have an all mmportant bearing upon the probable life of a specimen In this respect
consider the following tests Specimens of muld steel were subjected to a range
of repetition stress by bending The safe range of stress for more than 10 million
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repetitions on a bending machine was 415 3 tons per square inch, and for more
than 70 million repetitions on the Haigh machine 1t was 414 5 tons per square
1nch A steady torsional stress of 15 82 tons per square inch was simultaneously
applied with a bending stress of 15 82 tons per square inch, this had no effect
upon the life of the specimen  On applying a torsional stress of 26 2 tons per square
mnch the safe bending range of stress was, however, reduced to 4= 11 tons per
sguare inch

Here the conditions to determine failure seemed to be controlled The tor-
swonal stress of 26 2 tons per square inch, when continuously appled, apparently
produces large torsional strains which will not allow the material to heal, or mn
other words produces molecular cracks These cracks apparently become the
centres of failure, and the range of repetition stress 1s correspondingly lowered
The torsional stress of 15 82 tons per square inch does not produce permanent
cracks, and as the applied torsional stress does not affect esther the range of shear
stress or the range of normal stress on any plane, 1t would appear that a certain
range of shear stress 1s necessary to produce failure, but that when a crack has
once been produced, the actual shear stress at the crack, due to the apphed repeti-
tion stresses 1s greater than the apparent stress, and a smaller range of appled
stress will produce fracture There has been much talk about the effect of cracks
but 1t has not been easy to get direct evidence of their being the cause of many
fallures , they have been assumed as necessary This experiment does seem to
give some quantitative value to the assumption On the other hand, the apphed
mean stress changes the principal stresses and 1t may be that the failure, when
the mean stress 1s 26 2 tons per sq inch, occurs on a plane where the maximum
stress 1s higher than on the plane normal to the axis, but on which the range of
stress 1s not a maximum. This has been discussed briefly by the author 1n a recent
paper * Tests to be referred to later give evidence of progressive molecular cracks
being produced by torsional repetition stresses of certamn ranges

Sufficient has already been said, if such were necessary, to show the diffi-
culty of the problem and to indicate the desirability of a closer co-operation between
the metallurgist, and the experiments in the laboratory and practice, particularly
m the most careful exammation possible not only of the actual fractures that
oceur, but of the exact conditions under which they occur Were the stresses of
a stmple or compound character, were they applied cyclically or suddenly ? Did
the fracture occur at a discontinuity of any kind » Had 1t probably originated at
a sharp corner or sudden change of shape and if so were these essential features
of the design *» Did 1t probably commence at a “ metallurgical ”’ flaw, where there
was segregation and then discontinuity or at a blowhole, or did 1t commence at a
pomnt where boundaries of “ large ” crystals occurred 1n the material and m the
plane of greatest stress > The author has exammed many fractures of machine
parts in which 1t has been alleged that the working stresses were far less than the
tatigue ranges obtained erther from bending or torsional tests, or combinations of
the two 1n the laboratories and which could apparently only be explamned by an
assumption of stresses produced by blows or by sharp scratches, or molecular

* Brit Assoc 1924  Engineering, September, 1926
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12 ExPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS

cracks, or metallurgical discontinuities, far greater than the assumed working
stresses and 1t would appear therefore that as in other engineering work, the final
answer to the many problems raised can only be found 1n the great laboratory of
experience and by co-ordination of data from practice as carefully and precisely
gathered as 1s generally expected n laboratory work

MacHINES Usep To DETERMINE THE FATIGUE RANGES OF MATERIALS

The types of machines used on tests on fatigue are fairly well known (1) In
the common type of Wohler machine a specimen 1s subject to a bending moment
and on any section each element passes through a cycle of stress from a maximum
tension to a maximum compression during each revolution , the mean stress
1s zero  (2) In the Haigh machine the specimen 1s subjected to simular cycles of
stress, but the mean stress may be made of any value between the limits of the
machine (8) In a type of machine recently described* by the author a rotating
specimen 1s subjected to a constant bending moment cycle together with a torque
(4) In other machines and devices specimens are subjected to cyclical torsional
stresses, and 1n (5) cyclical torsional stresses are imposed upon any desired mean
stress

The results to be obtamed from all these types of machines have been dis-
cussed except those from (3) and (5) by many writers, and in many papers, and
time and space here will only admut of rather special reference to some of them

Testing Materials in Torsion

Several types of machmes have been used for testing materials in torsion
under repeated stress In the Stromeyer machine, as used by Gough and others,
a forced oscillation which can be varied 1n amplitude, but which for any particular
test may be kept constant 1s impressed upon a specimen which 1s free to oscillate
and which carries a mass having a known moment of inertia about the axis of
the specimen

A crank OA, Fig 2, 1s made to oscillate through an angle & by the connecting
rod CA The specimen S 1s fixed by suitable collets to a horizontal shaft which
can rotate freely in suitable bearings The mass M 1s fixed to the shaft and can
be varied If the angle 8 or 6, 1s measured, the torque on the shaft can be deter-
mined

The author and Mr Frank Heywood have designed a machine, Fig 2 (see
Engineering, June, 1926), which 1s a modification of the Stromeyer machine, and
which can be used for testing unmachined wires as well as other types of speci-
mens The mass M can be varied, but n addition, the head stock carrying the
bearing B has a degree of freedom 1n the direction of the axis of the specimen, and
a variable speed motor makes 1t possible to oscillate the crank at such a speed
that if desired, there 1s a node 1n the specimen , this can be so arranged that the
mass oscillates through a very small angle 6,, which can be accurately measured
by a spot of light moving over a ground glass screen

* Brit Assoc 1920  Engineering, August, 1926
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When the one end of the specimen 1s free, any mean stress desired can be
impressed upon the specimen by means of a spring which, through a knife edge,
pulls at an arm BD connected to the spindle 00, This arm oscillates through
a very small angle and thus the pull in the spring only changes during a cycle
by a very small amount Further the degree of freedom of B makes 1t possible to
put any desired tension on the specimen

As an alternative the specimen can be fixed to the head stock when the node
must be outside the spectmen When the head stock 1s fixed, fractures in the
case of wires, may take place 1n the collet By forcing a node between the collets
the possibility of breaking away from the collet 1s increased 'The difficulty with
any free oscillating mass machine 1s that when the range 1s above the fatigue range
the angle of oscillation 6, alters as the test proceeds Thus the torque does not
remam constant If 1t be assumed that the Modulus of Rigidity and the speed
remamn constant then the torque, or the assumed stress, can only remain constant
if 0 remams constant, or 1if n*f; remams constant, where 5 1s the speed of the
machine

The angle 6, can, however, be kept constant'during any test by

(1) Altering the speed of the machmne
(2) Altering the angular movement of the driving crank
(8) Altering the length of the specimen

The author has constructed a second machine in which the specimen at one
end 1s fixed to a lever similar to Fig 2, but which can be so moved and fixed that
any degree of initial strain, or if the Modulus of Ridigity 1s known, any degree
of stress, can be imposed on the specimen To measure the applied torque a torque
meter 1s placed in series with the specimen  Time and space prevents further
description of these machines

Both of the machines are driven by D C Motors and 1t 1s possible to alter the
speed easily It 1s not difficult to alter the angular movement of the driving crank
m the second machine, while 1in the machine 1 which a node 1s forced between the
collets, 1t 1s easy to adjust the length of the specimen The adjustments (2) and
(8) both require the machine to be stopped and this has been the weak point in
torstonal strain machmes of the mertia type If they are left running for a time
1t 1s generally found that the angle of the oscillation of the free end has changed
and an adjustment of the machine 1s required
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14 ExXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS

In another type of torsional repetition machine, described by Moore and
Jasper,* the specimen S 1s fixed perpendicular to a rotating axis To the specimen
1s connected an arm B which rotates also about the same axis , the free end of the
arm rotates 1 a ball bearing which 1s attached to a spring or other loading device
This has the advantage of keeping the torque practically constant during the
cycle and during a test

Torsion-Strain Diagrams and the Fatigue Range

Since the angular displacements 6 and 6,, in the machines described for
torsional tests are a measure of the torque and, on the assumption that the Modulus
of Rigidity remains constant, they are a measure of the stress 1t would appear that
a ready means may be available for determining a fatigue range from a torque-
strain diagram  This has been used by Gough and others The author finds,
however, that the torque strain method, though giving an indication of the fatigue
range, 1n certain cases requires great care and 1s tedious

It has been remarked that when a specimen 1s subjected to variable torque
bv means of an oscillating mass the amphtude of oscllation varies and adjustments
of the machine are necessary It has been found that these adjustments are greater,
the higher the range of stress applied to the specimen It might appear that the
torsional rigidity of the material had altered and that the strain has consequently
changed It 1s doubtful, however, whether the torsional nigidity does serously
change and 1f 1t did 1t might be expected to change quickly and after a very few
cycles the change of amplitude would be seen, this 1s not generally the case
On the other hand when the stresses are high the fatigue will progress comparatively
rapidly and the outer layers of the material may, after a certain number of repeti-
tions, become cracked Such cracks if they exist cannot generally be seen by the
microscope 'The amplitude of the free end and the torque fall and the apparent
stress at the outer layers of the specimen 1s dimmished Fig 8 shows how the
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torque on a specimen may change with time, the torque being in this case propor-
tional to %26, where 7 1s the speed and 8, the angular twist of the oscillating mass
As another 1illustration the following particulars of tests made for the author by

* Unversity of Ilhnots, Bulletin No 37, May 14th, 1923
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Mr Jolley, are of interest A quenched and tempered wire was tested under
torsional oscillations To keep %20, constant 1t was necessary to gradually change
the length of the specimen by 0 255 inch, the original length was 2 21 inches,
the range of stress was 16 8 tons per square inch, the number of repeti-
tions to fracture was 0521 million A second specimen, 225 inches
long, was subjected to a smaller torque and the length had to be changed by 0 16
mnch to keep 728, constant, this broke after 1,062,000 oscillattons , the range of
stress was 4159 tons per square inch A third specimen, 2 26 inches long, was
loaded with a torque corresponding to a range of stress of 4-15 25 tons per square
mch The change 1n 8, was very slight and only necessitated a change of length
of 0015 inch, the specimen withstood 29,218,000 repetitions without fracture

If the oscillations of the specimen were allowed to continue with the amplitude
falling at any speed, even though the specimen broke, the fatigue range obtamned
would be uncertain By using these facts another method of approximating to the
fatigue range 1s obtained

Let a specimen be run at a given speed and the amplitude noted and let it be
observed whether the amplitude changes after, say, one hour If so, 1t 1s probable
that the mitial torque applied 1s greater than the safe torque Let now a lower
torque be applied to a specimen and 1ts effect noted In this way i a few hours
the torque that does not change the amplitude seriously can be obtained and the
fatigue range approximately obtaned for certamn materials This must be checked
by long time runs A test of this kind has been made for a number of cold drawn
and quenched and tempered wires 'The range of stress in two cases was mdicated
as approximately 80 tons per square inch and 28 tons per square inch

Table I shows the results obtained by long run tests for two cases , 70, was
kept practically constant during the test Time and space forbids any further
reference to this subject Much data has been published on tests of actual steels
It can generally be said that the fatigue range 1n torsion for hot rolled and quenched
and tempered steels from the hot rolls can be taken as about half of the range under
dlrect repetition tests For most of the cold drawn wires tested by the author
'whether tested 1n the cold drawn condition or quenched and tempered condition
the range of repetition stress 1s onlv about one-third of the ultimate tensile strength
or 0 4 of the torsional strength of the material, calculated from the formula

_2T

e

Data from long time tests for two of these materials 1s shown mn Table I

Alloy Steel-—quenched at 850°C 1n oil

Range of siress TaBLE 1 No 1
(tons per sq v1) Reversals
+ 165 1,929,900 Broke near grip
+ 168 521,100 "
+ 159 1,062,400
4 145 18,993,600 Not broken
4 1525 29,213,000 »
Tensile strength of wire 947 tons per square inch
Torsional strength of wire 77 1 ", .
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16 EXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS

Carbon steel wire as drawn

No 2

Range of stress

(tons per sq ) Reversals
8100 4 155 1,461,000 Broke
8060 -4 158 2,795,000 "
2810 4 1405 4,761,000 "
Tensile strength of wire 92 7 tons per square inch
Torsional strength of wire 71

”» »”
Direct and Torsional Experiments at Varable Mean Torque

Experiments carried out on steel springs loaded at given mean stresses and
stramed through a constant amplitude at constant speed show that the range of
stress can be represented very approximately by a formula

S, = A—BS,

where S, 1s the mean stress and S, the range
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Fig 4 shows the type of curves obtamed by plotting mean stress agamst
maximmum and mmimmum stress, or the ordmnate between the curves gives the
range of stress, for steel wires tested n torsion at variable mean torque

In the Haigh Machines 1t 1s possible to carry out direct stress tests at variable
mean stresses
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Fig 5 shows, by plotting range of stress agamnst mnimum stress, the results
obtamned froma 0 14 C normalised steel and from an alloy steel of the composition

shown Fig 6 shows the type of stress-reversals curve obtamned at variable
mean stresses For the alloy steel the range 1s well represented by a formula of

the type
] P S, =A—BS,

+
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Fig 7T shows the results obtamned from a special 8 per cent Ni, 1 per cent Cr
steel quenched and tempered to give various ultimate stresses The cusp pomts
of the curves 1, 2 and 8 show the tensile strengths and two points on each curve
at zero mean stress and at zero minimum stress were obtamed by long time runs
Fig 8 shows hardnesses, the Izod factor and the ratio of the total range of
stress for zero mean stress to the ultimate tensile strength obtained from the same
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Aluminium alloys are so largely used m aeronautical work that reference
to their behaviour under repeated stresses should be made The following tests
were carried out in the Haigh and Wohler types of machines Duralumin tested
from the bar made to the usual specification gave, in the W ohler machine, a range
of repetition stress for 50 mulion repetitions of about 2rds of its breaking load
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Specimens broken four years after being made showed a shghtly lower fatigue
range than those tested at an early date after manufacture For hundreds of millions
of repetitions the fatigue range 1s not much less than for 50 million repetitions,
although doubt has been expressed as to whether Duralumin and other alummium
alloys have a real fatigue limit It 1s perhaps hardly necessary to discuss whether
an infimte number of repetitions at a very low stress would break the specimen
The evidence clearly shows that the fatigue range for 100,000,000 million repeti-
tions 1s not much greater than for 250,000,000 repetitions
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20 EXPERIMENTS ON THE EFFECT OF REPEATED STRESSES ON MATERIALS

Figs 9 and 10 show results obtamned from certain alummmum alloys The
pomts on the curves were obtamed from various machines during a period of
from 8 to 4 years All the specimens were cast together and some of the tests
were made shortly after casting The general results snow that for these alloys
there 1s practically no change observable in more than three years It should be
stated however, that the specimens were carefully kept 1n a laboratory cupboard
where the amount of corrosion was certainly very small It 1s of interest to note
that aluminum alloys when under repeated stress tests show indications of
slight corrosions, especially in the neighbourhood of small blow holes The rapid
load-strain method of obtaining fatigue, referred to later, could not be used with
confidence for these ailoys
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Experuments on Steel Tubes

Cold drawn steel tubes are used very considerably m aircraft, and their
properties have been examined by the author and others The author has shown*
that heat treatment of cold worked steel tubes affects their properties Fig 11
shows the effect of heat treatment on the elastic and other properties of Swedish
0 85 carbon steel tubes The tubes were drawn from hollow blooms 1 772 inches
chameter and 0 159 inches thick They were given five passes through the dies
In the last pass the tubes were sunk only The final outside diameter was 1 0015
inches and the thickness 0 0556 inches

* Materals for Aircraft  Jenkins
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The Limt of Proportionality, i compression, 1s raised considerably by
the heat treatment and 1t muight be thought that there would be a corresponding
raising of the fatigue range Fig 12 shows torsion-strain curves taken from exactly
stmilar tubes The Limut of Proportionality after heat treatment at 860° C (23 5
tons per square mnch) 1s 100 per cent higher than that of the cold drawn tube
After normahising at 898° C the Limit of Proportionality 1s about 15 tons per
square ich for the compression tests and 9 tons per square inch for the torsion

tests

Repetrtion Tests

The repetition tests were carried out *n a simple bending machine driven by
a }-h p motor at 2,000 revolutions per mmnute The loading could be gradually
apphied through a lever system by allowing water to run into the tank

Fig 18 shows the special arrangement for holding the tubes There 15 a
mirror at the extreme end by means of which load-stram diagrams were taken
The plottings of the results are of interest
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Fig 14 shows typical logarithmic plottings of range of stress agarmnst
number of repetitions for the untempered tubes
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24 EXPERIMENTS ON THE EFFECT OF REPEATED STRESSCS ON MATERIALS

Fig 15 shows typical results plotted with stress as ordinates and C/N#% as
abcissae It will be seen that up to 35 million repetitions the log curve for cold
drawn tubes not heat treated 1s continually fallng For 16 mullion repetitions
the range of stress 1s about - 15 tons per square inch  After heat treatment at
490° C the curve, Fig 15, falls rapidly and then changes direction , the range
of repetition stress for 16 million repetitions 1s about 4- 175 tons per square
inch Log plottings show the same result and the change of direction more clearly
After heat treatment the logarithmic curves except No 8, Fig 14, show a distinct
change n direction  After heat treatment at any temperature between 30(° C
and 450° C the range of repetition stress for 16 mulhion repetitions was greater
than - 20 tons per square inch so that the raising of the elastic properties by
haet treatment clearly raises the fatique range Further, the plottings of the tests
of the untreated cold drawn tubes suggest that the range 1s continually falling
and no real fatigue limit 1s indicated within the limits of the tests, whereas after
heat treatment the log stress curve mndicates change mn direction after less than
10 nullion repetitions In Fig 11 are shown the ranges of stress for 10 million
repetitions plotted agamnst temperature of heat treatment after cold rolling The
maximum range of repeated stress occurs after heat treatment at temperatures
between 800° C and 400° C and agrees approximately with the heat treatment
that will give maximum strength and Limit of Proportionalrty The half stress
range 1s, however, below the apparent Limit of Proportionality

Fic 16 Hrat Treatep 360° Macgnirication 300 Diams
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Fig 16 shows a microphotograph of the steel after heat treatment at 860° C
and also shows the crack developed by the repeated stresses Microphotographs
after heat treatment at 858° C showed that all traces of the distorted ferrite and
pearlite had been removed, and after this heat treatment the material showed
the maximum ductility in compression and 1n torsion and the range of repetition
stress was much less than after heat treatment at from 300° C to 400°C

A number of tubes were captured in the cracked condition before final fracture
and 1t was possible to examune these under the microscope Fig 16 shows a tube
heat treated at 360° C It was thought that the difference of crystalline condition
mught indicate different types of fracture but a careful exammation of the material
mn the neighbourhood of the cracks shows that in most cases the cracks passed
through the ferrite and pearlite indiscriminatelv whatever the heat treatment
although there was some indication 1n tlaces that in the case of tubes that had
not been heat treated after being cold worhed the crack tended to follow the ferrite
boundaries It was not possible to sav where the cracks commenced Fig 17
shows a spectmen which failed under compression, the walls collapsing and
spinning a rib on the tube The author had not previously seen this type of failure
under repeated stress It 1s of interest rather than significant

Fic 17 Tusr 1HAT FaiLep N COMPREISSION
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A number of tubes cracked at the edge of the collet holding the tube, although
the stress was very much less than at the reduced section of the tube Fig 18
shows photographs of cracks which occurred at the edge of the collet In the case
of the tube heat treated at 860° C the apparent stress at the crack was about -
10 22 tons per square mnch The actual fatigue range after heat treatment at this
temperature 1s -}- 21 tons per square mnch and the fracture therefore shows 1n a very
marked way the effect of a sudden discontinuity

Fic 18 TEST SPECIMENS THAT CRACKED AT THE END OF THL COLLELT

The tests clearly indicate that heat treating cold drawn steel tubes at a tem-
perature of 300° C to 400° C not only increases the static properties but also
rases the fatigue range for a very large number of repetitions of stress 1 hey also
show that if due to brazing the temperature 1s raised beyond 500° C the fatigue
range may be very considerably reduced and the fractures that occured in the
collets, at comparatively low stress ranges, show how harmful sudden changes
of section due to sockets or plugging of tubes may be

Rapid Methods of Deternumng the Fatigue Range

Reference has already been made to rapid methods of determuning fatigue
range 1n torston A good deal of work has been done in connection with the Wohler
bending test, one method 1s 1llustrated here from the steel tube experiments,
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WoHLER MACHINE —F1g 18 shows the murror on the end of the rotating tube
specimen and the shackles used for gradually loading the spectmen Thne optical
arrangements are shown in Fig 19 A sumilar arrangement and the same machine
have been used for determmning load strain curves from a considerable number
of matenals
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T'he optical base used was very long and departures from proportionality
should be fairly readily detected The types of diagrams obtaned are shown
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m Fig 20 Curves No 1 and 2 show the load strain diagrams obtained from an
untreated cold drawn steel tube The fatigue range as determined by long time
runs was - 15 tons per square inch for 16 million reversals The load stran
diagram mdicates 4 28 8 tons per square inch On re-loading the specimen,
however, the Limit of Proportionality was lower than on the first loading, but it
was again difficult to locate the value with any accuracy Curves 8, 4 and 5 show
three load strain diagrams taken consecutively from a steel tube heat treated at
201°C  The mmual Limut of Proportionality 1s at a stress from about 15 6 tons
to 18 tons per square inch The stress range for 10 million repetitions, as obtained
by long runs was + 18 tons per square inch It will be seen that on the second
loading the lcad strain diagramis nearly straight up to 4 28 5 tons per square 1nch
Curve No 6 shows the Limit of Proportionality for a tube heat treated at 490° C
to be about 17 2 tons per square inch, but 1t may be much higher The fatigue
range for 10 mllion repetitions was + 21 tons per square inch Curve No 7
shows the load strain curve obtained after heating the tube well above the normalis-
ing temperature The Limit of Proportionality m this case 1s from 12 to 14 tons
per square inch, and the total range obtamned from long time runs was 4 132
tons per square inch for more than 20 million repetitions It has been previously
shown that for mild steel normalised the load strain method gives, when used
with care, the safe range with a fair degree of accuracy, but for these heat treated
tubes 1t was difficult to obtain rehiable results

The method has been used for various kinds of materials and tested by long
tume runs It cannot be said that for materials in general the load strain method
on the Wohler machine gives accurate indications of the fatigue range except
for normalised mild steel

Hate MacHINE —To determine the load strain diagrams as given by the
Haigh machine two methods, using the ordinary type of extensometer, have been
used (1) A spot of hight was focussed upon the mirror of the extensometer and
reflected mro a long camera with a ground glass screen on which the length of the
band could be measured for various loadings (2) The arrangement of Fig 19
was adapted to the Haigh machme and extensometer The Mirror M was placed
18 feet from the extensometer The lamp A was moved until the top of the spot
of light coincided with the cross hair of the telescope and then the lamp was moved
until the cross hair comncided with the bottom of the band of light The movement
of the lamp was a measure of the total strain produced A diamond rocker with a
murror attached has also been used

The shide shows curves obtamned for mean stresses not zero  When a specimen
1s loaded with a mean stress f, and a range 4 f1s added the maximum stress 1s
fm+ f and this may be much higher than the yield pomnt of the material, without
fracture of the specimen, providing the range f does not exceed a particular value
When taking load stramn curves, the mean stress having been applied by strammg
the springs of the Haigh machine, about 4,000 cycles were run at each increment
of stress to bring the material, if possible, into a constant cyclical condition Curves
Nos 1 and 2 of the slide show the maximum stress and range of stress respectively
plotted agamst stramn for 0 14 C steel at 1 mean stress of 12 tons per square inch
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It 1s dafficult to determine the exact point when the curves depart from proportion-
ahity, but 1t 1s at about 18 to 20 tons per square inch maximum stress corresponding
to a range of stress of about 16 tons per square mnch The actual range of strese
for a mean stress of 12 tons per square inch was, as obtained from the plottings
of long time tests, about 16 5 tons per square mnich  Curves 8-6 were obtaned
from an alloy steel at a mean stress of 3U tons per square inch 'The load was
mncreased until 1t corresponded to 54 5 tons per square inch, at which 1t broke

A specimen of this material ran at 80 tons per square inch mean stress and
range of 28 56 tons per square inch corresponding to a maximum stress of 41 78
tons per square inch for nearly 10 million repetitions, so that the maximum stress
of 448 tons per square inch indicated as the Limit of Proportionality 1s rather
higher than the safe range 'The determimation of these load stramn curves 1s not
easy and requires the undivided attention of a skilful observer The machine when
running long time tests can generally be left without attention, and 1t will be seen
that 1t 1s doubtful whether the results obtained from a single load stran curve can
be relied upon to indicate the safe range for any given mean stress It 1s worth
while, however, to determine the load strain curves 1n order to give a clue as to
the possible safe range and then to run several specimens at ranges approximating
to the mdication of the load strain curve

Fatigue 1ange by Measuring the Rise of Temperature

Tests have been carried out by many investigators to determine the range
of stress at which there was a very definite indication of a rise of temperature
The Haigh machine lends itself to this type of experiment and following Haigh
we have over a number of years carried out experiments on a number of materials
Spurts of heat are by no means a criterson that the fatigue range has been reached
except 1n the case of certain materials Very perceptible heating may take place
and the material then settles down to a cydical condition and may run millions
of repetitions without farlure With normalised mild steel the thermo-couple
can give a fairly accurate mdication of the probable fatigue range for equal plus
and minus stresses  On the torsional machines a specimen may become quite hot
and then cool and unless the torque 1s adjusted 1t will run for a very considerable
time—probably indenifitely

Mode of Fiactwie and Change of the Fatigue Range

The work of Taylor* and Elam and Gough, Hanson and Wright,** on single
crystals seems to indicate quite clearly that tensile or compressive stresses, whether
applied statically or by repeated stresses cause slip on certain planes within the
crystal and 1t has been shown quite clearly that when materials consisting of crystal
aggregates are subjected to repetition stresses, slip bands, simular to those in the

* Roy Soc Proc A Vol 102 Roy Soc Proc A Vol 112
*¥% Phil Trans See A Vol 226
See Southwell and Gough, Phil Trans 1926
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|

No 1 No 2 No 1

Fic 21 ‘'TorsioNAL I'ATiGUE FRACTUREs OoF WIRLS

single crystal, occur in the material and 1t 1s generally thought that failures are
due to shear stresses causing slips  Such slips can occur, however, without subse-
quent faillure Again many failures occur which make 1t difficult to see how shear
stresses have been the cause of fallure A small hole in a specimen, subjected to
torston only, will generally cause fracture on planes at 45 degtee to the specimen
Southwell has dealt with this problem and shown that if elastic conditions obtan
a concentration of stress 2 7 time the mean stress occurs at the hole No 1, Ing 21, -
shows a fracture of a Chrome-Vanadium quenched and tempered wire The
fracture in th.s case was produced bv reversed torsional stresses which apparently
commenced at the entrance to the collet and at a pomnt where the finc tooth of
the collet had slightly marked the specimen The range of shear stress was only
a little less than that which causes fracture quite away from the collet and the
fracture 1s clearly in the direction of 45 degree to the axis on one side of the speci-
men and perpendicular to the axis at the other side There seems every indication
that the fracture commenced at the collet, z e, on planes at 45 degrees to the axis
of the specimen and may have been partly due to a concentration of stress caused
by the collet and the indentation No 2, Fig 21, shows quite a different fracture
in which there 1s clearly failure by shear, simultaneously along planes parallel .
with the axis and perpendicular to 1t, specimens have been obtamed with the
crack parallel to the axis only Similar fractures to No 1, Fig 21, have been pro-
duced 1n specimens containing small holes and in quenched and tempered helical
springs The plane of fracture in these cases 1s apparently the plane of maximum
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normel stress range and the fracture obtained from repeated bend tests and also
in the Haigh machine, both for brittle and plastic materials 1s nearly always on the
planes of masimum normal stress range  If then the fracture 15 really a shear
fracture 1t must mean that the slips take place on planes inclined to the planes on
which maximum normal stress range occurs but that the slips are so small that the
inclined planes are not observable even under the microscope That the slips are
very small 1s shown by the fact that fracture can occur i specimens subjected to
normal stress ranges without any measurable elongation and when stressed 1n
torston without any perceptible twist, or i other words the shps causing final
fracture occur only 1 a few molecules It 1s possible, however, for visible ship
to occur without fracture This has been shown clearly 1n tests from the Haigh
imachme and from tests and on helical springs subjected to a given range of torque,
or shear stress in one direction , the springs correspond to torque specimens many
inches 1n length In such tests creep takes place, but 1f the specimen 1s not gomng

to break 1t may finally cease creeping
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Speumens subjected to equal tensile and compressive stresses mn the Haigh
machine may elongate under test, but 1f they do so except by very small amounts
they will generally break The following tests, Tablz IT, from 1 piece of non-
corrodmg steel are of interest Fig 22 shows load strain diagrams for this materia'
Its ultimate strength was 54 1 tons per square inch , the Limit of Proportionahty
was only 6 6 tons per square inch
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TasLE 11
Haigh Machine
Stress Range Number of
No (tons per sq ) Cycles Remarks
1 215 8,200 Broke  Specimen elongated
very perceptibly and be-
came very hot
2 4125 19,600 Ditto A match could easily be
hghted by touching the
specimen
3 + 11 11,094,100 Not broken Specimen elon-
gated 1n the might 0 01 1n
and stopped the machine
3 + 11 13,589,000 Broken
4 41075 + 32,950,000 Not broken Specimen elon-
gated and stopped the
machine
5 + 115 98,800 Not broken

This stress was raiced to -- 12 5 tons per square inch and 1t ran 7,058,000
repetitions without fracture

It 15 of mterest to compare the results in the Haigh machine with those obtained
from the Wohler machine These tests were carried out before those in the Haigh
machine, and 1t was at first thought that the fatigue range, as 1n other plastic steels,
would be about equal to the breaking strength and a specimen was loaded to a
range of stress equal to the ultimate stress The preliminary results are shown n
the following table —

TasrE HI
Test Range of Stiess  Number of
No Diameter  (tons per sq ) Cycles Remarks
1 0 333 — — Test piece bent when
loaded to a stress of
4 27 5 tons per sq
2 0 2784 + 115 1,658,000 Broke
3 0 337 + 11 51,998,000 Not broken

The range from this does not differ very much from that obtained from the
Haigh machine 'The hardness of the specimen that broke at 4 11 5 tons per square
inch m the Wohler machine was taken along 1ts length and varied as follows

Hardness near the end 168
Hardness within §-in of fracture mn parallel
portion 189
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It was thought that this material should show 1n a very marked way the effect
of gradually loading the spectmen The spectmen No 5 from the Haigh table,
which at 88 mullion repetitions had a range of 4- 10 75 tons per square mch without
fracture, was loaded so that the stress was 4 12 5 tons per square inch At ths
stress the specimen withstood 7,050,000 further repetitions without fracture It
was then cut parallel to the axis and hardnesses taken every 1/10 inch along its
length These are shown plotted n Fig 28 It will be seen that in the neighbour-
hood of the smallest diameter, although the specimen only elonaged 1/100 inch
during the test, the hardness has been raised to 205 from 164 at the ends of the
spectmen  The spectmen heated up several times during the test at - 10 75 tons
per square inch and adjustment had to be made An exactly similar specimen
stressed to == 12 5 tons per square inch at first loading became so hot that a match
lighted when 1t touched the specimen and 1t broke after 19,600 repetitions Loading
the spectmen with a range of & 10 75 tons per square inch for 82 million repeti-
tions evidently strain hardened the material and raised the range of stress as shown

That this matenial 1s very susceptible to stramn hardness due to repetition
stresses 1s shown by further tests on the Wohler machine

Two test specimens, Nos 4 and 5, were made shorter than specimens, Nos 1
2 and 8, and larger 1n diameter, though they had a parallel test portion of 0 18 inch

All the specimens from Tables 8 and 4 were cut from the same bar

With short stiff specimen, even though the outer fibres are loaded to a larger
stress, 1t might be expected with such a plast'c material that as the bending 1s small
only a thin layer would be over stramed and under the repeated stresses 1t would
be posstble for this to come to a stronger configuration

The stress on specimen No 5 was gradually increased until 1t reached == 16 6
tons per square inch The specimen was apparently running quite steadily and
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truly in the machine The load was then rawsed so that the stress was 4201
tons per square mch After a very few revolutions the specimen became hot
and then quite unstable and the machine was stopped Hardnesses were then
taken along the specimen as follows —

Length of specimen

Hardnesses from one end to the other 196, 167, 167, 217, 172, 165, 183

The hardness of 217 was taken on the parallel portion 0 18 inch long

It will be seen that the hardness 1s very considerably increased and that the
gradual hardening has evidently raised the fatigue range

Referring again to the load-strain diagram, Fig 22, 1t appears that the degree
to which the elastic range of this material can be rased depends entirely upon the
degree of stram produced during the consecutive cycles

It 1s also of interest to note that since elongation can take place in the Haigh
machme when the specimen 1s subjected to equal plus and minus stresses at the
rate of 2,000 cycles per mimnute shp can take place on certan planes more easily
when there 1s a tensile normal stress than when there 1s a compressive ncrmal

stress
TABLE IV
Test  Diameter Range of Stress ~ Number of Romarks
No nches (tons per sqg ) Cycles
4 0 8746 4125 58,450,000 Stablc
5 038744 4 14 87 28,191,900 Stable
5 0 8744 - 16 60 3,160,000 Would have apparently
run on for a very long
time
5 08744 +20 10 —_ Specimen bent badly and
was very unstable
6 6 3770 + 732 3,500
+ 800 1,700
+= 870 3,100
-- 1217 2,400
+ 12 88 6,000
=16 85 11,700

+15%  Very unsteady, would

have broken quickly
From an examination of Fig 22 and the results given in Table I1, 1t 1s clear
that the safe range of repetition stress has no relationship with the Primitive
Elastic Lamit, or Limit of Proportionality, neither 1s the ratio of the Fatigue
range to the Ultimate tensile strength anything like that generallv found for steels
A load strain diagram for arsenical copper at ordinary temperatures showed
that the Limut of Proportionality was less than 8 tons per square inch, while the

breaking stress was 14 8 tons per square mnch

A specimen was loaded i the Wohler machine to 4= 5 15 tons per square
mch and broke after 79 6 milhon reversals A further specimen was loaded to
4 5125 tons per square mch and after 560 588 mullion reversals of stress was
not broken The stress range was then raised to 12 24 tons per square inch, and
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1t broke after a further 87 111 millions, but not at the reduced section As already
stated, 1t broke 1n the collet where the nominal stress was only 8 tons per square
mch

The maximum range of stress was more than twice the Limit of Propor-
tionality, but the apparent range at the fracture was clearly much less than the
maximum range It would appear that a crack must have slowly developed at the
collet due to concentration and that then the material was gradually strain hardened
i a remarkable manner by very small movements

Hardness tests on the specimen showed rather remarkable results Across
the unbroken end of the specimen the mean hardness number was 70 In the
diminished portion of the test piece subjected to the stress of 4= 5 125 and then to
= 6 12 tons per square inch the hardness (mean of three) was 74 Across the dia-
meter near to the collet where the very slow fracture had taken place the mean
of four hardnesses was 91 8 It could hardly be that this hardness was 1n the 1nitial
material and the increase appears to have been due to local strain hardening during
the very long runs If the results from the stamnless steel had not been obtained
it mught have been thought that the extra hardness had not been brought about
m this way

The long run at 10 15 tons per square inch total range appears to have rased
the fatigue range and the stress range 1s clearly very much greater than the range
of Primitive Proportionality

In the Haigh machine the results given in Table V were obtamned

TABLE V

Repeated Stress Tests i Hagh Machine
Tensile test of material (Arsenical Copper)
Breaking strength 14 8 tons per square inch
Elongation per cent 59 on 2 mches

Reduction of area

Lamut of Proportionality less than 3 tons per square imnch

63 5 per cent

Range of Stress Cycles
Specimen  (tons per sq ) mallions
1 55 30 Broke
2 +525 155 Broke
3 -+ 5125 178 Broke
4 =500 49 4 Broke
5 525 90 Broke
6 4 5086 116 Not broken
v 461 0 726 Broken

The Fatigue range from these tests 1s clearly about 10 12 tons per square
mch at zero mean stress That the stress range, of this very plastic materials
appeared to be affected by gradually mcreasing the load during cycles of stress
for.the Wohler test 1s further shown 1n the following table The table also show,
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results from the Haigh machine, on the effect of gradually raising the load One
specimen was loaded in the Haigh machine so that the stress was 10 12 tons per
square inch and another 1n the W ohler machine so that the stress was 10 0 tons

per square inch The loads were then mcreased as follows —
l

i
t

Haica MACHINE

Range of stress 10 12 10 8 10 55 10 756 11 11 25

Cycles 1n millions 116 06 5 280 2 682 2 682 2682 0447

Total cycles 121 84 124 022 126 704 129 886 129 8383 Broke
‘WoHLER MACHINE

Range of stress 10 105 11 05 116 121 185

Cycles in millions 87851 8584 8496 8584 659 8 52

Total cycles 37851 41485 44931 48465 55055 58575

Range of stress 142 1525 1638

Cycles in millions 8 41 369 0 0948

Total cycles 61985 65675 65769 Broke

In the Haigh Machine the gradual raising of the stress has not seriously rased
the fatigue range, but in the W ohler specimen 1t appears to have done so 1 a
more marked manner The stainless steel which had an elongation per cent similar
to this material and a low Limit of Proportionality behaved similarly The explana-
tion appears to be that the Haigh test piece 15 stressed practically uniformly, whereas
the Wohler test piece, subjected to bending, has the maximum stress only at the
outer fibres A very thin layer of the W ohler specimen may be stramed plastically
and be cold worked to a very small extent, while the remaimnder of the section
of the specimen may be elastically stressed In the Haigh test piece all the section
will be equally stramned and there 1s not the same opportunity for some of the
fibres to be brought to a new and stronger configuration while the remainder of
the material 1s being stramned elastically But, as shown above, when the stress 1s
very near to that which causes fairly quick failure 1t may be raised considerably,
even m the Haigh meachine These experiments, and others, lend support to the
theory of St Venant that a material only really fails when the relative movement
of the molecules to each other exceeds some defined amount, or, 1n other words,
that the degree of strain has to be considered in relationship to the failure of
materials rather than the stress This seems to be further confirmed by the results
generally of repeated stress experiments

Whatever the form of the load stran diagram, whether 1t has a high Limit
of Proportionality compared to the breaking strength as in normalised mild steel,
or alloy steels heat treated at certain temperatures, or whether they are of a form
simular to that of Fig 22, or with a very low Lumut of Proportionality frequently
found n alloy steels heat treated in certain ways, the fatigue range appears to
depend upon a certamn stram produced beyond that which brings the material
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mto a umiform condition, which appears to be the same thing as saying that if
complete cycles of stress are taken the material after a certain number of cycles
gives hysteresis loops that do not increase mn area

.

o FIG 29

A material may have a load strain diagram Oaor Ob Fig 24 If 1t 1s stressed
with a repeated stress 1t will be found that the material 1n erther state may have
a range of repetition stress equal to = p, say 'The strams produced by cycles of
stress are not sufficient to cause fracture even though there have been clearly
certamn movements in order to bring the material into a cyclical condition represented
by bc  If the range of stress = p, origimally applied 1s higher than & p the speci-
men will probably break after a certain number of repetitions of the stress If up
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to a certain stress -= p, the rate of increment of strain of part of the material, as
the Wonler test pieces, 1s very small for z cycles the material may heal whereas a
test piece loaded with the stress - p,, and producing strams of comparatively
large magnitude will probably break* the specimen after a comparatively few repe-
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Figs 25 and 26 are interesting as illustrating what probably takes place when
a materal 1s stressed 1n torsion Fig 25 shows hysteresis loops taken from a mild
steel specimen 27 inches long, the range of stress bemng from 0 to 10 4 tons per square
mch The strans are measured with great precision The hysteresis loops are
dimimishing  Fig 26 shows hysteresis loops taken from the same specimen, but
with a range of stress of - 10 4 tons per square mnch, which is the range of stress
that will break the specimen The areas are increasing and as will be seen there 1s
negative creep during the cycles Some molecules have shpped and are partly
brought back as the stress 1s diminished or reversed Fig 27 shows the variation
of cyclical set per cycle at zero torque or zero nominal stress and also the torque
or nominal stress at zero strain taken from Fig 26 It will be seen that both increase
with the number of cycles

The Rate of Application of the Load

The author regrets that he 1s not able to mclude in this paper anything,
except a passing reference, of the considerable amount of work done on the effect
of holes, grooves and threads cut in specimens subjected to pure bending and
also to the bending and torsion combined, or on the effect of small blows The
nature of the stresses produced by blows are only the same as those produced by
cyclical loadings, but under the very rapid rate at which the stress accumulate
from zero to a maximum the behaviour of the material 1s no doubt different
Professor Bertram Hopkinson, whose name can always be mentioned with rever-
ence 1 this Society, showed a good many years ago that a piece of wire under a
very rapidly appled load was practically “ elastic ” to the breaking pomt A
cyclically applied load mn the ordinary machmne 1s applied in something of the
order of 1/50th to 1/100th of a second, while the time taken for the stress in a
beam, as i the Stanton Machme, to reach the maximum stress s probably of the
order of 1/500th or less of a second The plastic properties of materials have,
therefore, not time to operate and redistribution and * healing ” 1n the neigh-
bourhood of sharp curves, corners and discontinuities cannot readily take place
The * concentrations ” of stress, therefore, under blows are more likely to agree
with those indicated by the Elastic theory and confirmed by the experiments of
Coker On the other hand, when there are no rapid discontinuities 1t would appear
from the author’s work at high temperatures that a viscosity term must be included
m the strength of the material, and 1t would appear to be stronger the higher the
ratio of application At ordinary temperatures the effect of rate will probably only
become important when the time of a cycle 1s less than 1/1000th of a second
Experiments have been carried out in the author’s laboratory on the effects of
small blows repeated many millions of times, and 1t 1s now quite clear that the
curves of fall plotted agamnst blows 1s of almost exactly the same shape as the well
known stress repetition curves and there 1s just as much certainty that there 1s
2 hmiuing blow for any defined number of repetitions as there 1s a hmiting
stress for any definied number of cycles

¢ Furthermore, there 1s distinct evidence that the stress produced by a given
fall, as calculated on the elastic theory, for 10,000,000 repetitions, say, must be
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of the same order on an ungrooved specimen, as the range of cyclical stress that
will break the specimen If during the cyclical application time 1s a factor in the
problem and concentrations at discontinuities takes place mn accordance with an
elastic rather than a plastic theory then the effect of discontinwities of any kind will
be much more serious under a blow than during a cyclical application, and the
experiments seem in some measure to confirm this view, but not wholly The
matter 1s of such interest, however, as to be pursued

If a beam or cantilever 1s struck a blow of kinetic energy U per unit volume
of the beam or cantilever, then the stress produced 1s

p=4/2 EU
