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AN INVESTIGATION OF THE FATIGUE OF METALS

I. INTRODUCTION

1. Inception of the Investigation.—For three-quarters of a cen-
tury the problem of the strength of metals under stresses repeated
many times has engaged the attention of engineers. It has been
recognized that loads which cause no apparent damage when applied
a few times to a machine or structural part may cause failure if
applied many times. Various investigations of the phenomenon of
failure under repeated stress* have been made and the name ‘‘fatigue
of metals’’ has been given to it. The earliest extensive investigation,
and the best known, is that of Wohler, whose results were published
in 1870.

During the world war the question of strength of airplane parts
under repeated stress became of prime importance. A special phase
of this problem was a study of the strength of parts made of cold-
drawn steel, and a short series of experiments was made in the labora-
tories of the University of Illinois at the request of the National
Research Council.t This problem and other problems of material
under repeated stress, notably repeated stresses in welded ships,
brought the whole subject of fatigue phenomena of metals to the
attention of the National Research Council. The result was the
organization of an investigation by the codperation of the National
Research Council Division of Engineering, Engineering Foundation,
and the Engineering Experiment Station of the University of Illi-
nois. Later the General Electric Company joined this group.

The National Research Council furnished an Advisory Commit-
tee to formulate general policies for the investigation. The Engineer-
ing Experiment Station provided a laboratory, the time of one mem-
ber of its staff, and the use of much apparatus. A previous progress
report of this investigation gave a general summary of the knowledge
of fatigue phenomena of metals current at the time of the beginning
of the investigation. This was published in ‘‘Mechanical Engineer-

*See Appendix O, which gives a glossary of technical terms used in this bulletin.
tMoore and Putnam, Am. Inst. of Mining and Metall. Engrs., Bul. 146, p. 401, Feb.,
1919.

9
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ing’’ (the organ of the American Society of Mechanical Engineers),
for September, 1919, and is reprinted in substance as Appendix B of
this bulletin.*

The investigation was financed, first, by Encrlneerlnor Foundation
from the fund given by Mr. Ambrose Swasey of Cleveland, Ohio.
This grant was sufficient to permit the organization of a test party,
the purchase of many pieces of apparatus, the preparation of a large
number of specimens, and the maintenance of the laboratory for a
term of two years. In 1920 the General Electric Company con-
tributed an equal sum for investigations along certain lines of special
interest to them, without any restrictions as to the free publication
of the results. This contribution made possible the enlargement of the
test party and the purchase of more equipment. The lines of in-
vestigation desired by the General Electric Company follow so closely
the lines of the original investigation that, in compiling this report,
data and results have been taken from both parts, but mainly from
the original investigation financed by KEngineering Foundation, as,
owing to the fact that this part of the investigation had been in pro-
gress for a longer time, more material was available from this source.

2. Personmel of the Advisory Committee of the Division of En-
gineering of the National Research Council—The personnel of the
Advisory Committee is given below:

O. H. Basquin, Professor of Applied Mechanics, North-
western University ;

F. P. Gmuiean, Secretary-Treasurer, Henry Souther En-
gineering Company ;

Henry M. Howr, Metallurgist, Bedford Hills, New York;

ZAY JrFrrIiEs, Director of the Cleveland Section of the
Research Bureau, Aluminum Company of America;

T. R. Lawson, Professor of Rational and Applied Mechanies,
Rensselaer Polytechnic Institute;

J. A. Marerws, President, Crucible Steel Company of
America;

*For a more detailed account of previous investig&tions of the strength of materials
under repeated stress see:

Unwin, W. C. ‘“The Testing of the Materials of Constructlon,” Chap. XVI, 1910.

Withey and Aston, “Johnson’s Materials of Construction,” Fifth -Edition, Chap. XXVIII.
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Joux H. Nerson, Chief Metallurgist, Wyman-Gordon Com-
pany ;

W. E. Ruper, Metallurgist, Research Laboratory, General
Electric Company ;

H. L. Wuarrremorg, Chief of Section of General Physical
Testing, U. S. Bureau of Standards ;

Lisonarp Warpo, Consulting Engineer, New York City;

H. F. Moore, Research Professor of Engineering Materials,
University of Illinois, Chairman.

In connection with the work of the Advisory Committee there
have been organized two sub-committees: first, a sub-committee on
Heat Treatment of Specimens, J. H. Nrusox, Chairman (resigned
October 22, 1920), W. E. Ruper, Chairman (since October 30, 1920),
and F. P. GuigaN ; and second, a sub-committee on Statisties, T. R.
LawsoN, Chairman, Luonarp Warpo, and H. L. WHITTEMORE.

3. Outline of Investigation—At a meeting held February 19,
1920, the Advisory Committee planned reconnaissance tests of ma-
terials well scattered over the field of ferrous metals, in most cases
studying two or more distinet heat treatments for each metal. It
was decided not to enter the field of non-ferrous metals at this time.

For each heat treatment of each steel tested it was planned to
make a series of tests of specimens under reversed bending stress,
using various stresses, until an ‘‘endurance’’ of 100 000 000 reversals
was reached ; to make corresponding static tests in tension, compres-
sion, and shear (torsion); and to make various auxiliary tests, in-
cluding hardness tests and impact tests.

It was planned to use magnetic analysis for examining the homo-
geneity of the material tested, and to study various accelerated tests
for resistance to repeated stress in order to determine their reliability.

The main purpose of this first stage of the investigation was to
determine whether for ferrous metals there exists any clearly defined
relation between the static properties (elastic limit, yield point, ulti-
mate tensile strength, elongation, reduction of area, hardness, ete.)
and ability to resist reversed stress.

- When later the General Electric Company became a party to
the investigation there was added to this program the study of the
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effect of range of stress (stress partially reversed or repeated but
not reversed, as well as stress completely reversed) upon the strength
of ferrous metals under repeated stress. Work on this phase of the
investigation has not passed the preliminary stage.

4. Organization of Test Party—The test party was organized
as follows. The chairman of the Advisory Committee, 2. F. MooRrE,
who was also a member of the technical staff of the Engineering Ex-
periment Station, was in general charge. The University allowed
him to give nearly all his time to this work. An engineer of tests,
J. B. KomMERS, was in immediate charge of the work of the test
party. Two test assistants carried on the routine work. Two mecha-
nicians prepared specimens and repaired and built auxiliary parts
for apparatus, and a clerk gave half her time to the office work. The
professor in charge of the metallographic laboratory in the Depart-
ment of Chemistry gave some time to the metallographic features.
Certain students of marked ability were allowed to take thesis work
in connection with the investigation.

5. Acknowledgments—The Investigation of Fatigue of Met-
als was made a part of the research work of the Department of
Theoretical and Applied Mechanics, and was carried on under the
general administrative direction of the head of the department, Pro-
FESSOR A. N. TALBoT.

Dr. Henry M. Howe, while serving as Chairman of the En-
gineering Division of the National Research Council, took an active
interest in the fatigue phenomena in metals and it was largely owing
to his suggestion, activities, and influence that this extensive investi-
gation was made possible.

Acknowledgment is due the following individuals, firms, and
institutions :

WymanN-Gorpon Company, Worcester, Massachusetts, manu-
facturers of drop forgings, for assistance in the work of heat
treatment of certain steels;

Tae UNiversity oF Wisconsin, for the loan of a testing

machine, and for permission to use certain test data in connec-
tion with Appendix A of this bulletin;
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THE AMERICAN SoCIETY OoF MECHANICAL ENGINEERS, for
permission to reprint the Progress Report, Appendix B;

Tue Inuivois SteeL Company, Chicago, Illinois,

Tae Joun A. RomBrings Sons CompaNy, Trenton, New
Jersey,

Tae Hancoms SteenL CompaNy, Syracuse, New York,

Tar STANDARD STEEL CoMPANY, Philadelphia, Pennsylvania,

Tuae Carneeie STEEL CoMmPANY, Pittsburgh, Pennsylvania

Tae GeENErRAL Brrcrric Company, Schenectady, New York,
and THE MibvaLE STEEL AND OrDNANCE CoMmPANY, Philadelphia,
Pennsylvania, for steel supplied for the investigation;

TeE AMERICAN Rorning Minns Company, for a supply of
Armco iron (in this bulletin this material is designated as 0.02
carbon steel) ;

Mg. W. J. Franckk of New Brunswick, New Jersey, for a
number of special flexure tests upon various types of steel, and
for depositing one of his special flexure testing machines;

Dr. CHArRLES W. Burrows, Grasmere, Borough of Rich-
mond, New York City, for permission to use his patented method
of magnetic analysis for detecting flaws in steel;

The Physics Department and the Chemistry Department of
Tae University oF InriNois, for the loan of apparatus and for
the use of rooms in which special tests were made.

The work of the following members of the test party is grate-
fully acknowledged :

Proressor D. A. McFaruanD and Proressor W. S. Pur-
NAM of the Department of Chemistry, for assistance in metallog-
raphic work;

F. H. Fisg, F. M. Howzerr, F. M. Post, J. W. HarscH, and
ProrEssor W. J. PurNam.

The following students in mechanical engineering of the 1921
senior class have taken thesis work in connection with this investi-
gation, and their work has been of no small value:

MEssrs. R. F. Packarp and MarTiN FriscH, subject, ‘‘The Ef-
fect of Over-Stress on Subsequent Resistance to Repeated Stress’’;
GeoreE R. Caskry, subject, ‘‘The Effect of Surface Finish on Re-
sistance to Repeated Stress’’; JoEN A. GorFr, subject, ‘‘The Effect
of Radius of Fillet on Resistance to Repeated Stress.”’
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II. MateriaLs, Tusts, TeSTING APPARATUS, AND TEST SPECIMENS

6. Materials.—It having been decided to confine this prelimin-
ary investigation to ferrous metals, a series widely distributed among
the varieties of steels in common use was selected. Table 1 gives
the chemical analyses and reference numbers for the different metals
tested. ,

TABLE 1

CHEMICAL ANALYSES OF STEELS TESTED

| ConteNT, PER CENT

Steel . Material
Furnished by il : |
No. | Furnished in | Gar_ | Chro- | Nick-| Sili- | Man- | Phos- | Sul-
i bon |mium| el | con | gan- |phor-| phur
[ ese us
1L 1;Illinoias 8teel Co, .. .uls » 2 fats . o 1200 baks o e 0.19 | 0.25 {0.021|0.021
3 John ACRoeblmgs Billets 4-in. square .| 0.52 [......[...... 0.24 | 0.56 |0.037(0.029
BEDaiGin AR Al
4 |John A Roeblings
BonRGol s e, .. Billets 4-in. square B X A o i 0.16 | 0.58 [0.032{0.035
5 ‘Halcomb Steel Co.. ... 2 X1 flats. . .| 0.24 | 0.87 | 3.33 | 0.15 | 0.37 {0.019|0.025

6 |Carnegie Steel Co.
through Standard
Bteel Co: ook o 2Te Batsl:. .. 098 [ sk w 0.03 | 0.38 [{0.0170.045
7 |Midvale Steel & Ord.
Co. through General
Electric Co. . 1-in.squares. ...... 0.41 | 0.18 | 3.41 | 0.25 | 0.75 [0.020|0.020
9 |American Rollmg Mill *

(O R s .liu. rounda. o002 0% 0.02 .03 |0.005|0.042
10 Inland Steel Co.. .|#%-in. squares... . .| 0.49 0,12 .46 10.017|0.029
50 |J T. Ryerson & Son
(Cold-drawn  screw
gtocle):f .. ud st Ts-in. rounds....... Q20815 ol L 0.03 | 0.67 [0.025|0.090
51 |Univ. of Ill. stock (hot-
rolled reinforcing
POA) LTl it s 14-in. rounds....... 018 154 ol e 0.06 | 0.37 |{0.013|0.039

[==]

It was decided to use two or more heat treatments for most of
the metals tested. The heat treatments used are shown in Table 2,
and the resulting internal structures as shown by microscopic ex-
amination are given in Fig. 1.

Excepting materials 4, 5, 9, 50, and 51, all were first given a
normalizing heat treatment to relieve any internal strain which might
be present and to give a common basis for.any other heat treatments.

All the steels which were heat treated were treated in the form
of rectangular bars after being cut up according to the diagram
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shown in Fig. 2, except the following: 0.37 carbon, sorbitie, treat-
ment A; 1.20 carbon, normalized; 1.20 carbon, sorbitic; and 0.93

carbon, troostitie.

These steels were machined somewhat oversize,

then heat treated, and later finished to size.

TABLE 2

HEAT TREATMENTS OF STEELS TESTED

No. STEEL Hear TREATMENT

i 1.20 carbon, normalized........... Heat to 1460° F.; hold 15 min.; cool in furnace (this
anneals the steel so that it can be machined); then
heat to 1580° F.; hold 15 min.; cool in furnace with

_door open.

BOEBIGIC . &5 o iTaie e Sl o First anneal as above; then heat to 1470° F.; quench in
oil; reheat to 860° F'.; hold 30 min.; cool in air.

3 | 0.52 carbon, normalized...........| Heat to 1550° F.; hold 15 min.; cool in air.

sorbitic..............| First normalize as above; then heat to 1450° F.; hold
15 min.; quench in water; reheat to 1200° F.; cool in
air.

4 0.37 carbon, normalized...........| Heat to 1495° F.; hold 15 min.; cool in furnace with door
open.

sorbitic treatments This steel was not first normalized. Heat to 1550° F.;

5 uLs i 5 o A O hold.ls min.; quench in water; reheat to 1050° F.;
cool in air.

5 Chrome-nickel, treatment A....... Steel received annealed. Heat to 1525° F.; quench in
oil; reheat to 700° F.; quench in oil.

treatment B.......| Steel received annealed. Heat to 1525° F.; hold for 14
hour; quench in oil. Reheat to 1450° F.; quench in
oil. Reheat to 1200° F.; hold for 1 hour; cool in
furnace.

treatment C....... Steel received annealed. Heat to 1525° F.; hold for
15 hour; quench in oil. Reheat to 1450° F.; quench in
oil. Reheat to 1200° F.; hold for 1 hour; quench in
water.

6 .| 0.93 carbon, normalized........... Heat to 1600° F.; hold 15 min.; cool in air.

peariibieT, . ke First normalize as above, then heat to 1450° F.; hold 15
min.; cool in furnace.

SOrDILIOET 2 g 0 First normalize as above; then heat to 1450° F.; hold 15
min.; quench in oil; reheat to 1200° ¥.; hold 30 min.;
cool in air.

EXOOSTIIC s v o sipos o - First normalize as above; then heat to 1450° F.; hold
15 min.; quench in oil; reheat to 850° F.; hold 30 min.;
cool in air.

7 3.5 nickel, treatmentB......... Normalize by Leating to 1525° F. and cooling in furnace;
then heat to 1525° F'.; quench in oil; reheat to 1210° F.;
hold 2 hours; cool in furnace.

9 0:02 cRrh om0 St Sl Tested as received.

10 | 0.49 carbon, normalized.......... Heat to 1700° F.; hold 20 min.; cool in air,

sorbitic..............| First normalize as above; then heat to 1425° F.; cuench
in water; reheat to 1200° F.; cool in furnace.

50 | Cold-drawn asreceived.

annealed i i s ik Heat to 1300° F.; hold for 15 min.; cool in furnace.

annealed.............| Heat to 1550° F.; hold for 15 min.; cool in furnace.

51 | 0.18 carbon as received.

cold stretched........
cold stretched........
coldbent ... o o ok

Reduced to diameter of 0.44 in.; then heat to 500° I'.;
cool in furnace. ¥
Reduced to diameter of 0.48 in.; then heat to 500° F.:
cool in furnace. i
Bent to an angle of 45° at the middle, straightened cold.
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7. Tests—Mechanical tests of metals may be divided into three
groups: first, ‘‘static’’ tests, usually made on the ordinary tension-
compression testing machine; second, repeated-stress tests, and third,
impact tests. Static tests include torsion and flexure tests and Brinell
hardness tests. Probably scleroscope hardness tests would also be
classified with static tests.

The results of static tests indicate the resistance of a metal to
the destructive action of a steady load or a load applied a few times.
Static tests yield significant results concerning the suitability of
material for buildings, tanks, and other structures, including most
bridges.

The results of repeated-stress tests indicate the resistance of a
metal to progressive failure under many repetitions of a given work-
ing load. Repeated-stress tests have not been thoroughly standard-
ized, but would seem to yield significant results concerning the suita-
bility of material for machine or structural parts which are to be
subjected to many repetitions of loading when there is little danger
of accidental heavy overload; springs, shafting, and car axles, for
example. 5

The results of impact tests indicate the resisting power of ma-
terial against shattering under sudden heavy overload. Impact tests
would seem to yield significant results concerning the suitability of
material for machine or structural parts which may be occasionally
subjected to heavy overload, and which can still be used after some
permanent distortion has taken place. Impact-resisting power seems
to be a sort of insurance against complete collapse under sudden over-
load.

In this connection it may be noted that the strength-indicating
results of static tests and the endurance limits given by repeated-
stress tests are measured in the same units—pounds per square inch;
the results of impact tests are measured in units of energy—foot-
pounds or inch-pounds. It may be further noted that the results of
an impact test are comparable with a measurement of the area under
the complete stress-strain diagram for a static test, or, using a rough
approximation, the results of an impact test are comparable with the
product of ultimate strength and elongation given by a static test.
The term toughmness is sometimes used to indicate a combination of
the statie strength and the ductility, and the impact test may be said
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to be the index of the toughness of a material. Again it may be noted
that the strength-indicating results of static tests, and the results of
repeated-stress tests indicate ability to withstand normal service con-
ditions, while the results of impact tests—and the results of static
tests which measure ductility—indicate ability to withstand oceca-
sional overload without complete shattering failure.

The principal series of tests in this investigation are the reversed-
stress tests performed on the various materials. These tests are dis-
cussed in further detail in Section 8. As the problem of determining
relations existing between strength under repeated stress and strength
under ordinary static tests was the primary problem of the investiga-
tion, careful tests on ordinary testing machines formed another series
of tests of prime importance. These tests included tension tests,
compression tests, and torsion tests, the last named giving values for
shearing strength.

In addition to the regular static tests, a limited number of spe-
cial flexure tests were made, some in the laboratories of the University
of Illinois and some at the laboratory of Mr. W. J. Francke of New
Brunswick, New Jersey.

Brinell and scleroscope hardness tests were made. Charpy im-
pact tests were made, both on notched bars in bending and on tension
specimens.

Magnetic tests for homogeneity were made on the bars used for
repeated-stress specimens for the rotating-beam machine before they
were reduced at the center.

8. Testing Machines and . Apparatus—The rotating-beam type
of testing machine was chosen for the basic series of repeated-stress
tests. This machine has been used by many previous investigators,
beginning with Wohler in his historic series of tests. Fig. 3 is from
a photograph of the machine used, and Fig. 4 shows a diagram of
the machine.

In Fig. 3 and Fig. 4 the specimen, A4, is in the form of a bar
reduced in diameter at the middle of its length. It is held in ball bear-
ings, B, C, D, and E, by means of draw-in collets (one collet is shown
in detail at #). The specimen is driven by the shaft, @, operating
through the flexible leather dise, H. Pulley K is driven by an
electric motor. Load is applied by means of weights hung at W.



Fic. 3. RoraTING-BEAM TESTING MACHINE (FARMER)
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The weight, W, is distributed to the bearings, C and D, by means
of the equalizing bar, M. In the position shown the specimen is un-
der flexure and the fibers along the top of the bar are in compression
while those on the under side of the bar are in tension. If the pulley
is given half a revolution the stress in the fibers is completely re-
versed. The number of cycles of completely reversed stress given
to the specimen is equal then to the number of revolutions of the
pulley, K, which is indicated by means of the revolution counter, N.
‘When the specimen breaks, the center bearings, ¢ and D, drop to-
gether with their housings and strike a trigger (not shown in Fig. 4)
which releases the switech controlling the motor.

The machine produces a uniform bending moment on the speei-
men between bearings C and D. This form of machine with two
symmetrical loads has been used by many investigators, the first, so
far as is known, being Professor Sondericker,* of the Massachusetts
Institute of Technology in 1892. The machine used in the present
investigation follows in its details quite closely that described by
Mr. F. M. Farmer before the American Society for Testing Materi-
als at its 1919 meeting; hence, this machine is sometimes referred
to as the I'armer machine.

Fig. 5 is from a photograph and Fig. 6 shows a diagram of
another type of rotating-beam machine which was used for some
tests. This machine had been designed by Professor Kommers at
the University of Wisconsin and is spoken of as the Wisconsin ma-
chine. The specimen is rotated and is loaded as a cantilever beam.

The rotating-beam type of machine was chosen for making the
basic series of reversed-stress tests for a number of reasons. In this
machine the magnitude of the stresses can be ecomputed with a high
degree of precision, and a prime requisite for the basic series of
tests was that there should be little uncertainty as to the values of
the stresses used. In its operation this machine is very free from
vibration. The slight vibration of the specimen was observed to be
in synchronism with the rotation of the machine, and probably was
caused by the minute deviation from straightness of the axis of the
specimen. A slight vibration in synchronism with the rotation of the

* Sondericker, J. ‘A Description of Some Repeated-Stress Experiments,” Tech. Quar.
Boston, April, 1892.
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specimen does not alter the range of stress to which the specimen is
subjected. The results obtained by this type of machine are not
seriously affected by slight changes in speed. The writers made a
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F1a. 6. DI1AGRAM OF ROTATING-BEAM TESTING MACHINE (WISCONSIN)

somewhat careful search for test results at various speeds and found
considerable evidence®* that speeds below 2000 revolutions per minute
have very little effect on the result of repeated-stress tests.

In another type of repeated-stress testing machine calibrated
springs are used to resist and to measure the bending moment or
the twisting moment applied to the specimen. Two machines of
this type were used for a secondary series of reversed-stress tests.
Fig. 7 is from a photograph of the Upton-Lewis machine used for
flexural reversed-stress tests. Fig. 8 shows the scheme of the machine
diagrammatically. In this machine the specimen is bent back and
forth in one plane. The amount of deflection of the springs, and
hence the magnitude of the bending moment applied to the specimen,
is given by the width of the diagram drawn by the pencil point. The
number of cycles of bending stress is shown by the counter. Fig. 9

*Stanton and Pannell, Inst. Civ. Engrs. (British), CLXXXVIII, p. 814, 1911,
Hopkinson, B. Proc. Royal Soc., A 86, January 31, 1912; Seci. Abs.,, 1912, No. 628.
Roos, J. O. Int. Assn. for Test. Materials, 1912, Art. V2B.

Kommers, J. B. Int. Assn. for Test. Materials, 1912, Art. V4B.

Stanton and Bairstow, Inst. Civ. Engrs. (British), CLXVI, p. 78, 1905-6.

Upton and Lewis, American Machinist, October 17, 1912, p. 688,

Fden, Rose, and Cunningham, Inst. Mech. Engrs. (British), 1911, Part 3-4, p. 839,
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is from a photograph of the reversed-torsion machine, the Olsen-
Foster, while Fig. 10 gives a diagram of the same machine. The
specimen is subjected to an amount of twist in one direction from
the neutral position, and then to the same amount of twist in the
opposite direction. The scheme for measuring twisting moment and
number of cycles of twisting stress is similar to that used in the
Upton-Lewis machine. :

These spring machines are, however, very much more expensive
than the rotating-beam machine, and, moreover, the error inherent
in spring calibration and the stresses caused by the inertia of recipro-
cating parts introduce some uncertainty as to the magnitude of some
of the stresses. A further objection to these machines is that they
cannot be run satisfactorily at speeds as high as 1500 revolutions per
minute. _

All the fatigue machines were provided with automatic devices
which stopped the machines when the specimen failed. These devices
" made continuous operation of the machines possible.

Repeated-stress testing machines, which depend upon the inertia
of reciprocating or rotating parts for producing stress, have some-
times been used. Such machines are markedly affected by varia-
tions in the speed, since the inertia effect is proportional to the square
of the speed. In tests which last for days at a time the power circuit
ordinarily available cannot be relied upon to give constant speed at
the motors, unless there is a very elaborate and expensive installation
of speed-regulating devices. This consideration caused the rejection
of the inertia type of repeated-stress testing machine for this in-
vestigation.

Testing machines employing alternating current magnets to pro-
duce repeated stress were considered. These machines would be very
much more expensive than the rotating-beam type of machine, and,
moreover, slight variations in the frequency of the alternating cur-
rent (such variations as would inevitably occur in the current sup-
plied to the laboratory) might produce quite serious variations in
the force set up by the magnets.

There would seem to be some advantage in using machines which
produce repetitions of direct tension or compression in a specimen.
The only available machines producing such stress were of the alter-
nating current magnet type or of the inertia type, and were so ex-
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pensive that the funds of the investigation would not have permitted
purchasing a sufficient number of machines.

To sum up, the rotating-beam machine was chosen for the basie
series of tests primarily because it seemed to be a machine in which,
within the yield point, definite stresses could be set up with a high
degree of precision, because it seemed least affected by slight varia-
tions of frequency in the electric circuits supplying power, and be-
cause it was the least expensive machine to construet.

As noted above, a careful study of the records of other tests
seems to indicate that speed of testing has little effect on the results
up to a speed of about 2000 revolutions per minute. The speed
chosen for the Farmer machine was well within this limit, namely,
1500 revolutions per minute. With the Upton-Lewis machine a speed
of 300 revolutions per minute was used; with the Olsen-Foster ma-
chine, a speed of 350 revolutions per minute was used, except for
the 0.93 carbon steel, troostitic, the 0.49 carbon steel, sorbitic, and
the chrome-nickel steel, treatment A, for which a speed of 260 revo-
lutions per minute was used; with the Wisconsin machine a speed
of 1200 revolutions per minute was used.

For the static compression tests and tension tests a 100 000-pound
Riehle machine and a 10 000-pound Olsen machine were used. For
the static torsion tests a Riehle 10 000-inch-pound machine of the
pendulum type was used. In the last-named machine the twisting
moment exerted on the specimen is read from a micrometer dial gage
which indicates a motion of 0.001 inch, and which is actuated by
the movement of the pendulum from its neutral position.

Fig. 11 is from a photograph of the Charpy impact machine
which was used to make the impact-bending and impact-tension tests.
In the single-blow impact testing machine, of which the Charpy
machine is one type, a heavy pendulum is raised to a given angle
from its normal position and then is allowed to fall against a speci-
men. Rupturing the specimen (a short beam with a noteh in it for
the impact-flexure test), the pendulum passes the neutral position
and rises to an angle indicated by a ‘‘maximum’’ finger. The dif-
ference between angle of fall and angle of rise is a measure of the
energy absorbed in rupturing the specimen.* A centering device

*Dix, E. H.,, Jr. Proc. Am. Soc. for Test. Materials, Vol. XIX, Part IT, p. 720, 1919,
This is a detailed discussion of the single-blow impact testing machine.
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was used for placing the impact-bending specimen in the machine,
so that the pendulum would strike opposite the center of the notch.

Fig. 12 shows the apparatus which was designed for use with
the Charpy machine in making the impact-tension test.* As is
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* When making impact-tension tests there is one serious objection to the Charpy im-
pact machine in its present form. The hammer strikes the anvil when the pendulum
reaches its neutral position. The center of gravity would at that instant be moving in the
horizontal direction. However, it will be seen that the point where the specimen is attached
to the pendulum is still moving with a component in the downward direction. When a
specimen is ‘quite ductile so that its percentage of elongation is, say, 30 per cent, this allows
the specimen to be bent downward while it is being stretched out. The result is that a
certain amount of energy is absorbed by the specimen in this bending action, and this
energy is credited to the steel as energy of rupture. With specimens that break without
much elongation there is no appreciable error of this kind.

This error of the machine might be corrected in two ways. One would be to shorten
the anvils or design the hammer in such a way that when the hammer strikes the anvil the
specimen will be moving in a horizontal direction. This method would reduce the maximum
capacity of the machine. A second method would be to design the anvil and hammer so
that the striking surfaces would be at right angles to the direction in which the specimen
is moving at the instant of striking.
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shown in the sketch, the specimen is provided with spherical seats
at the shoulders so that there may be slight adjustment of the speci-
men when the hammer strikes the anvil.

Fig. 13 is from a photograph of the double-blow machine used
in making tests under repeated impact. Fig. 14 shows a diagram
of the same machine. Two similar hammers actuated by cams
strike the specimen alternately on opposite sides. The specimen
shown in Fig. 14 is a grooved cantilever beam held in a vise, and
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F16. 14. DIAGRAM OF REPEATED-IMPACT TESTING MACHINE

is made from the ends of the broken Farmer rotating-beam speci-
mens. The energy of each blow delivered is 1/3 foot-pound, the
velocity of the hammer as it strikes the specimen is 3.25 feet per
second, and the machine delivers 65 double blows per minute. “The
number of blows withstood before failure is taken as the measure
of the ability of the material to withstand this test. When a speei-
men breaks, the switech controlling the motor is automatically opened
and the machine stopped.



FiGg. 13. REPEATED-IMPACT TESTING MACHINE
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Fig. 15 shows a photograph of the magnetic testing machine
which was used in making the test for homogeneity. This machine
was constructed at the University of Illinois. It follows closely de-
signs suggested by Dr. C. W. Burrows of New York, and by R. L.
Sanford of the United States Bureau of Standards. The steel core
at A was wound with wire which carried a current of 7.5 amperes.
The magnetic circuit was completed through the specimen, B, and
the uprights, C. At D is a screw threading through the small car-
riage at E. When the pulley, ¥, at the end of the serew is driven
from the motor, M, the carriage, E, is moved over the specimen at
a uniform speed. The carriage surrounds the specimen and upon
the carriage are two coils, differentially wound, in which a small
electromotive force is induced when the carriage moves through the
magnetic lines of force. From the two coils terminals extend to a
string galvanometer, @. If the specimen, B, is homogeneous in
structure and free from both irregularities. of form and internal
stresses the electromotivé force in one coil neutralizes that in the
other and there is no deflection of the galvanometer. If there is a
non-homogeneous section of the specimen, then, as each coil in turn
passes over that section, the balance of the coils is disturbed and
deflection of the galvanometer results.* KExperiments showed that
this device was particularly sensitive in pointing out places in the
specimen which had been overstressed. The machine was used, there-
fore, to determine that the specimens to be tested were homogeneous.
Readings were taken of the maximum variation of the galvanometer
while the coils were moved across the middle four inches of the
specimen. The uniformity of the readings was taken as a criterion
of the uniformity of the various specimens.

Fig. 16 shows the detrusion indicator used in the torsion tests
for determining the amount of twist in the specimen over a gage
length of 2 inches. The arm is 10 inches long from the axis of the
specimen to the point of contact of the Ames dial.

Hardness tests were made using both the Brinell machine and
the scleroscope. The Brinell machine used was made by the Aktie-
bolaget Alpha of Stockholm, Sweden. The standard load used was

*For a more complete discussion of this type of apparatus see Scientific Papers of the
U. 8. Bureau of Standards, No. 843, and the 1917 Proc. of the Am. Soc. for Test. Materials,
Part II, p. 87.
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3000 kilograms (except for the 0.02 carbon steel, which was so soft
that a load of 500 kilograms was used), and the standard diameter
of ball was 10 millimeters. The machine indicates the standard load
by ‘‘floating’’ a piston which works in its cylinder without packing,
and which is loaded with standard weights. The diameter of the
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F1e. 16. DETRUSION INDICATOR FOR ToORSION TESTS

ball used was measured by means of a micrometer, and found to vary
less than 0.0025 millimeter from the standard diameter. The sclero-
secope used was a standard instrument manufactured by the Shore
Instrument and Manufacturing Company of New York. The height
of rebound of the hammer is read directly from a secale.

Fig. 17 is from a photograph of the heat-treating equipment
used for heat treating most of the specimens. At A4 is shown a
Hoskins electric furnace with inside dimensions 8 by 12 by 26
inches. This furnace was calibrated for uniformity of distribution
of heat both empty and full, and it was found that, if specimens
were kept in the rear half of the furnace, there was not more than
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10 degrees centigrade variation of temperature for specimens in
various locations in the furnace.

In measuring temperatures, two pyrometers were used, one of
which had a platinum-rhodium thermocouple in the center of a
dummy specimen, which was placed near the center of the pile of
specimens in the furnace. This platinum-rhodium couple was con-
nected to an Engelhard millivoltmeter. A constant-temperature
cold junction was used with this pyrometer, and the cold junction
was placed in a thermos bottle. The second pyrometer used a chromel-
alumel couple connected to a Hoskins millivoltmeter. For this couple
a correction was made for the variation of the cold-junction tem-
perature, the cold junction being in the millivoltmeter case. Both
pyrometers were calibrated at intervals by means of the freezing
points of standard metals. In general, the chromel-alumel pyrometer
was used merely as a check on the platinum-rhodium pyrometer.

At B is shown the water-quenching tank, which during the opera-
tion of quenching was supplied with running water. At C is shown
the oil-quenching tank. Houghton’s soluble quenching oil was used,
and during the operation of oil-quenching the oil was circulated
through pipes which were surrounded by running cold water. At
D is shown the circulating pump. By this circulation the maximum
variation in the temperature of the quenching oil was kept within
17 degrees centigrade.

9. Test Specimens—Figs. 18 and 19 show the various forms
of specimens which were used for determining the static and endur-
ance properties of the steels.

The shape of the specimen used for the rotating-beam reversed-
stress machine, shown in Fig. 18(a), was the result of considerable
study. It was found in the first place that, if the specimen was
not reduced in cross-section at the middle of its length, the localized
stresses at the collets where the load was hung would usually cause
the specimen to fail at the collets (# in Fig. 4). Various shapes
were tried for the reduced part of the specimen. For one design
a part of the specimen was reduced in diameter, and the change
of section from the smaller to the larger was attempted with a taper.
For another design a straight reduced section with fillets at the
ends was used. It was found that specimens broke at the root of
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the taper, or at the root of the fillet, as the case might be. It seemed
necessary, therefore, to have a specimen which changed gradually
from one diameter to the other. In the final design the specimen was
formed by a cutting tool swung on a radius of 9.85 inches. For the
specimen shown in Fig. 18(a) the unit stress calculated by the usual
beam formula gives very closely the actual stress existing at the mini-
mum section, as was proved by some tests on celluloid models made at
the laboratories of the General Electric Company at Schenectady,
New York, for this investigation. Professor Coker’s polarized light
apparatus for determining stress was used. These tests showed that
even when the radius was only 5 instead of 9.85 inches there was no
measurable increase of stress on the outside fibers due to curvature of
section. On the other hand, when this radius was only 0.5 inch, it
was found that the increase of stress on the outside fiber was consider-
able. With a radius of 9.85 inches there is practically uniform stress
over about 0.20 inch near the middle of the span (Fig. 20), the varia-
tion in computed stress, due to change of diameter, in this range of
length being only 1 per cent.
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F1c. 20. VARIATION OF STRESS ALONG FARMER-TYPE
TEST SPECIMEN
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Usually the diameter at the reduced section was made 0.30 inch,
but in the case of the stronger steels it was found that with this
diameter they would still break at the collets. It was necessary in
some cases, therefore, to reduce the diameter to 0.27 inch.

In the case of the reversed-torsion specimen, shown in Fig. 18(e),
exactly the same phenomena were exhibited as described for the rotat-
ing-beam specimen. When the ends of the specimens were joined
by a fillet to the smaller diameter at the middle, the specimens al-
ways failed at the root of the fillet. The specimens were therefore
cut down at the middle with the same radius as was used in the case
of the rotating-beam specimen.

A similar problem was encountered with the reversed-bending
specimens used in the Upton-Lewis machine. In this machine the
distance between the jaws holding the specimen is 0.50 inch. The
specimen was first cut down with a radius of 0.75 inch, but it con-
tinued to break at the edges of the jaws because of the local stresses
existing there. It was, therefore, necessary to weaken the specimen
further and a radius of 0.5 inch was finally adopted. With this
radius the specimens break at the minimum width instead of at the
jaw edges. Fig. 19(a) shows the specimen used for the Upton-
TLewis machine. Of course with this radius the change of section is
rapid enough to produce some localized stress, and this is shown by
the fact that the endurance limits (unit stress which the steel will
withstand indefinitely) determined by the Upton-Lewis machine are
uniformly lower than those obtained from the rotating-beam machine.

Fig. 18 shows the specimens used for the static tests. Fig.
18(b) shows the tension specimen, Fig. 18(c) the torsion specimen,
and Fig. 18(d) the compression specimen. In the compression tests
a spherical-seated bearing block was used, and the specimen was
centered in the machine by means of a template. In the tension tests
spherical bearings were also used, and the shoulders of the specimen
rested in split sockets.

In some cases tension specimens were made from the ends of
rotating-beam specimens. The shape was similar to that of Fig.
18(b) except that the diameter of the reduced part of the specimen
was only 0.25 inch. This form of specimen was used for check tests
and for material supplied in the form of rods less than 0.75 inch in
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diameter. In all tension tests the elongation was measured on a
gage length which was four times the diameter of the specimen,

Fig. 19(b) shows the specimen used for the Charpy impact-
bending test, while Fig. 19(c) shows the one used for the Charpy
impact-tension test. Kig. 19(e) shows the specimen used for the
repeated-impact tests. This specimen was made from the uninjured
ends of Farmer rotating-beam specimens. ~ The repeated-impact speci-
men is a grooved cantilever beam.

Brinell tests and secleroscope tests for hardness were made on
the ends of the torsion specimens shown in Fig. 18(e¢).

The magnetic tests were made on the rotating-beam specimens
before they were reduced at the center.

10. Finish of Specimens—From previous investigations it was
known that surface finish exerted a marked effect on the endurance
of a specimen under repeated stress. It was planned, therefore, to
use a standard finish which could be duplicated on successive speeci-
mens and which would at the same time be of sufficient fineness so
that the endurance of the specimen would practically not be reduced
because of the finish. The procedure on the rotating-beam specimen
for the Farmer machine was as follows: first, to turn the reduced
portion at the center with an ordinary lathe tool; next, to file the
specimen to remove the deepest tool marks; and finally to polish
first with No. 0 and then No. 00 emery cloth.

That this finish was satisfactory is indicated by the uniformity
of results, and it is shown in the section on ‘‘Effect of Surface Fin-
ish’’ that the polish was sufficiently good to attain uniform and
satisfactory results.

The fatigue specimens for the machines other than the Farmer
type were finished in a similar manner.

11.  Numbering of Specimens—The system adopted for num-
bering the specimens was designed to make it possible to identify
each specimen tested. The original billets or bars, as the case might
be, were nearly all eut into 13-inch lengths, because the longest speci-
men, the rotating-beam fatigue specimen, was 13 inches long. The
marking system used may be illustrated by an example. In the
mark 5439C, the numeral 5 showed that this specimen was made
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of steel number 5 or chrome-nickel steel; the letter A4, that the speci-
men was from bar or billet 4; the numeral 39, that it was located 39
inches from the end of the bar; and the letter C, that the specimen
ocecupied the position €' in the cross-section of bar A, according to
the diagram for cutting up the bars which had been adopted for
steel number 5

Fig. 2 shows the plan which was used in cutting up the various
steels. Taking Steel No. 4, 0.37 carbon sorbitic, as an illustration,
the numbers directly above the diagram show that one set of speci-
mens was cut up from 0 to 13, or 13 inches long; that another set
was cut up from 13 to 16, or 3 inches long; another from 16 to 21,
or 5 inches long, ete. This was the first steel cut up; all succeeding
steels were cut up into 13-inch lengths.

12. Procedure im Tests—Accuracy and Sensitiveness.—The
regular static tension and compression tests were carried out on a
100 000-pound Riehle machine. This machine was ecalibrated by
means of calibrating levers and dead loads before it was used for
testing purposes. It was found that the machine was sensitive to
10 pounds up to 23 000, beyond which it was not tested. The ma-
chine was accurate to about 0.6 per cent-at 5000 pounds and to 0.4
per cent at 20 000 pounds.

For the static tension and compression tests a Ewing exten-
someter was used to measure deformation over a gage length of 1.25
inches. This extensometer was calibrated with a Brown and Sharpe
micrometer screw, and it was found that one division on the exten-
someter scale represented a unit deformation of 0.00006925 inch per
inch of gage length, or the sensitiveness was 0.000006925 inch per
inch by estimation.

The aim in the static tests being to get at least ten inecrements
of strain (as shown by extensometer readings) up to the yield point
of the material, the following procedure was adopted. An initial
load, which in the tension test was 400 pounds, was put on the speci-
men and a reading taken on the extensometer. Load was then ap-
plied until the extensometer showed the desired increment of de-
formation, and load and extensometer readings were recorded. The
load was then reduced to the initial reading of 400 pounds and the
extensometer reading was again recorded. The load was then in-
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creased until the extensometer showed the standard inecrement above
the previous reading, and, after reading load and extensometer, the
load was again reduced to 400 pounds. This procedure was con-
tinued up to the vicinity of the elastic limit, when smaller incre-
ments of extension were used—usually about half the initial values—
in order to determine the form of the curve more exactly.

The purpose of this procedure was to make a determination of
the elastic limit as based on permanent set, as well as the more com-
monly used limit based upon proportionality of unit stress and unit
deformation.

Fig. 21(a) is a sample tension stress-deformation curve which
will make clear the manner in which the two elastic limits were de-
termined. Curve A is the usual curve showing unit stress as ordinate
and unit deformation as abscissa. In determining the proportional
elastic limit, an inclined line, OB, was drawn corresponding to a
rate of deformation 25 per cent greater than that represented by the
original curve. This is done by taking any point below the elastic
limit and making the offset, DE, 25 per cent of the distance CD.
The inclined line OB is then drawn through the point E. Next a
line parallel to OB is drawn tangent to the curve. The unit stress
at the point of tangency is taken as the porportional elastic limit.

The attempt is often made to determine the proportional elastic
limit by determining the unit stress at which the stress-deformation
curve first deviates from a straight line. It is difficult to determine
this point accurately, and it seemed desirable to use some such method
as was adopted in order to have a tangent line whose deviation from
the curve could be detected at two different points. It is then quite
easy to determine the unit stress half way between these two devia-
tion points. The rate of deformation 25 per cent greater than the
original curve was chosen because it gave a line only slightly less
steep than the original curve. It is believed that this method of
determining the proportional elastic limit is satisfactory, consider-
ing the use which is to be made of this property of the material.
This is a slight modification of the method proposed by J. B.
Johnson.*

Another consideration in favor of the method is the fact that it
is independent of the scale to which a stress-deformation curve is

* Withey and Aston, “Johnson’s Materials of Construction,” Fifth Edition, p. 10.
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drawn. The method will determine in all cases points where the
proportional increase in rate of deformation is the same. This is
not true for the method which makes use of the first deviation from
a straight line; nor is it true of the method which employs a secant
drawn parallel to the original curve, and which uses the unit stress
at the intersection of the secant line and the curve as the elastic
limit.

The elastic limit as based upon set may be called a set elastic
limit. The set curve was plotted as shown at F in Fig. 21(a), the
scale for set being usually about five or ten times that used for the
curve A. The set elastic limit was taken as that unit stress at which
the rate of permanent set increased appreciably. This method was
chosen because it was assumed that too much reliance should not
be placed on the set as determined at low stresses, but that a point
in the curve should be chosen where there was no doubt that perma-
nent set had commenced and was increasing.

The technique used in arriving at this value was based upon the
idea of getting an offset for drawing a tangent line which would be
about the same as the offset used in getting the inclined line OB,
Fig. 21(a). Since the modulus of elasticity for steels is practically
constant at 30 000 000 pounds per square inch, the inclined line OB
used with curve A has at a unit stress of 30 000 pounds per square
inch a horizontal offset from the original curve of 0.00025 inch per
inch, MN in Fig. 21a, and at 60 000 pounds per square inch the off-
set would of course be 0.0005 inch per inch. The line for zero set
would be a vertical line from 0. At a unit stress of 60 000 on the
set curve, therefore, a point, ¢, was determined which had an off-
set, K@, from the line of zero set of 0.0005 inch per inch. A line
through 0’ and G determined the inclined line, and one parallel to
this and tangent to the curve determined the elastic limit as based
upon set.

Tables 3 and 4 show that the proportional elastic limit and the
set elastic limit as determined by the above methods are very nearly
the same in magnitude in tension, compression, and torsion. In some
cases the proportional limit is slightly the higher, and in other cases
the set limit is the higher. Since there is so little difference in these
two limits it seems obvious that the tedious method necessary to
determine the set limit may be dispensed with in future tests of steels.
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- In the torsion tests readings of twisting moment and twist were
taken in a manner similar to that already described for the tension
and compression tests. The proportional elastic limits and the set
elastic limits were also determined in a manner similar to that previ-
ously described. The micrometer dial of the detrusion indicator
shown in Fig. 16 reads directly to 0.001 inch, and the reading can be
estimated to 0.0001 inch. With this indicator, therefore, the twist
of the specimen over two inches gage length can be read to 0.0001
radian directly, and to 0.00001 radian by estimation.

From the fatigue tests the fundamental information desired was
the relation between the unit stress applied to the specimen and the
number of cycles of stress necessary to cause rupture. The general
practice with the Farmer machines was to stress the first specimen
high enough so that it would break in a comparatively short time;
then reduce the stress in the succeeding specimens, until finally a
unit stress was arrived at which the steel could withstand for
100 000 000 cyecles without failure. Wherever possible these long-
time tests without failure were run on from three to five specimens
for each of the steels investigated. :

All values of stress calculated for the Farmer specimens are
based upon the external load applied to the specimen, the weight of
the specimen itself being neglected.

Only one Upton-Lewis and one Olsen-Foster machine were avail-
able. Consequently it was not practicable to make runs up to
100 000 000 eyeles. In these machines, therefore, the stress was de-
termined at which the specimen could withstand 2 000 000 cycles
without failure. It will be found by consulting the curves which
will be shown later that this determines the endurance limit fairly
closely. '

The Brinell and the scleroscope hardness tests were made on the
recta}ngular sur.faces of the uninjured ends of the static torsion
specimens, the impressions being at right angles to the axis of the
specimen. .In ea.ch case i.mpressions were taken on two adjacent
sides, and in gettl.ng the c'hameter of the Brinell impression a micro-
scope was used with a micrometer eyepiece which read to 0.1 milli-
meter directly, and to 0.01 millimeter by estimation.

.It is not thought necessary to describe in detail the technique
of impact tests or of magnetic tests.
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III. TestT DATA AND RESULTS

13. Summary of Test Data and Results—Tables 3, 4, and 5
give summaries of test results. Table 3 gives the results of the
tension tests, and also the endurance limits as determined from the
rotating-beam tests, so that comparisons may be conveniently made.
Table 4 gives the results of the compression and the torsion tests.
Table 5 gives the results of the hardness and the impact tests and
also the endurance limits as determined by the rotating-beam, by the
Upton-Lewis reversed-bending, and by the Olsen-Foster reversed-
torsion machines. The last column in the table gives the ‘“FR’’ point
as determined by the Francke* test.

Table 6 shows a sample summary sheet, in this case for treat-
ment A of the chrome-nickel steel. This table shows the number
of results which were averaged in obtaining the results given in
Tables 3, 4, and 5. Kach Brinell and scleroscope result given in
Table 6 is the average of several readings. Figs. 21-23 inclusive
show representative stress-strain diagrams for tension, compression,
and torsion tests.

Figs. 24-31 inclusive show the test results obtained on the Farmer
machines for reversed-stress tests of the various steels. The method
used in plotting these diagrams is discussed on page 90. Figs. 32
and 33 show similar diagrams obtained from the tests on the Upton-
Lewis reversed-bending machine; while Figs. 34 and 35 show the
diagrams for the Olsen-Foster reversed-torsion machine.

Fig. 28 shows S-N curves obtained in making a study of the
effect of changes of shape on the endurance strength of steel. Fig.
29 shows similar curves obtained in making a study of the effect
of surface finish on the endurance strength; while Figs. 30 and 31
show the S-N curves obtained in making a study of the effect of
previous over-stressing on endurance strength.

Table 7 gives the results for all fatigue tests so far made in the
course of the investigation.

The ‘‘rise of temperature’’ tests for endurance limit under re-
versed stress are treated in a special chapter, and the data for those
tests are given in that chapter.

*Proc. Am. Soc. for Test. Materials, Vol. XX, Part II, p. 372, 1920.



TABLE 3

ResurTs oF TENsION TESTS

| Endurance
TENSION ‘ Limit
No. STEBL Set Propor- : % of | _ %of | Rotating
Elastic tional Yield Ultimate | Elongation = Reduction Beam
Limit Flastic Point of Area | Machine
Limit |
| ‘ 1 "’
9 | 0.02 carbion, a8 FR00IVEA . ... .« somes cseinsivns o s ens 14 400 16 100 19 000 42 400 48.3 | 76.2 | 26000
51 Holorallod, an 1opeivell .. o oo i s s i 39 600 38 200 40 300 61 500 41°0' =l 66T | 28000
51 Hot-ro]}ed, reduced B0:0 48 AN, . i S 60 100 60 000 63 300 67 600 22.8 | 63.3 | 35000
51 Hot-rolled, reduced $0 044 in.. ... oo cvivisint aitioe s cuwsios 70 500 69 600 None 73 400 14.2 59.5 | 41000
51 Hot-rolled, bent cold and straightened............co. fosccaiecons]onencssossefoacssanoseefosaccimoncaelioccsnossselioovaceanns | 30000
50 Cold=drawn, a8 YeeeINed . ii ks ioms i st aais e i s opuisield 52 200 55 200 None 86 800 13.8 49.3 | 41000
50 Cold-drawn. annealed at 1300° F..................... 25900 26 700 29 500 56 600 413 | 65.5 29 000
50 Cold-drawn, annealed at 1550° F....oooovoeennnnnn.. 25 600 28 000 30 000 57 700 40.8 | 63.2 | 25000
4 0.37 carbon, normalized 33 500 34 500 34 900 71 900 29.4 ‘ 53.5 | 33000
4 0.37 carbon, sorbitic, treatment A.................... 82 000 80 600 87 300 102 600 23.3 65.1 ‘ 57 000
4 0.37 carbon, sorbitic, treatment B.................... 60 300 61 500 63 100 94 200 25.0 63.0 '\ 45 000
10 049 carbon, BOFDIEIC . .5 s /ais ot sin/si sieale aiansratiacssn wusiadiia nfs 67 300 67.700 69 700 96 900 23.5 57.8 l 48 000
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TABLE 3 (Coni inued)

ResvULTS OF TENSION TESTS

‘ ‘ Endurance
| TENSION limit
| s el
No. | STEEL ‘ Set Propor- 4 | % cof % of 1 Rotating
‘ l Elastic tional Yield Ultimate | Elongation | Reduction | Beam
[ Limit Elastic Point of Area | Machine
‘ l Limit ‘
Sl M52 erbon] NOEMANEEA 2o e o oeroteose s oa s sis i ‘} 47 200 45 400 \ 47 600 98 000 24 .4 41.7 \ 42 000
S =002 ERFDOI, BOEDIMIO o o e sis e obe osinagoisias e ‘ 79 400 80 300 ‘ 84 300 111 400 21.9 56.6 55 000
6 RS CATDON, NEBTITEI0 =, - . 50 oo o mitor e o b 25 500 28 000 ‘. 33 400 84 100 24.8 37.2 30 500
6 9.93 (ST TR T e RS e S ol s 60 700 60 300 l 67 600 115 000 23.0 39.6 | 56 000
6 | 0.93 carbom, tro0Stitic. ... ... ... ... .. | 102200 | 97200 | None 188 300 9.9 20.3 | 98000
1 {2120 carbon, normalized s s s s e e ‘ 59 100 58 600 60 700 116 900 .9 11.6 | 50 000
G e e SRS | 119600 | 120400 = 130100 | 179900 9.0 152 | 92000
7 8.5 niokel, AreRtIment Bl: 51 % s wuriorasi s v o sovben hgsnilie ot P ats E 85 500 82 400 l\ 91 100 111 800 23.6 60.2 | 63 000
5 ‘ Ehrome-nigke], freatraent Az Lot i e wiies e 117 200 115500 | 128100 138 700 18.2 61.8 68 000
5 " Chrome-nickel, treatment B....... (i e oy s ns s e ke 99 700 101 700 103 700 113 300 24.2 68.7 65 000
5 | Chrome-nickel, treatment C.................c.c0..... 1 86 300 86200 | 100 500 114 200 23.2 69.3 67 000
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TABLE 4

Resvrrs oF ComprEssTON Tests AND TorsioN TEsTs

COMPRESSION ToRsION
No. STEEL Set Propor- ‘ Set. Propor- Modulus
Elastic tional Yield | Ultimate Elastie tional Yield of
Limit Elastic Point | Limit Elastic Point Elasticity
Limit \‘ Limit
i p

9 0.02 carbon, as received. . ...c. .o vt 19 400 19 200 20 600 } 31 200 12 400 12 500 13 600 11 770 000
4 0.37 carbon, normalized. ... .. i ce s 36 800 36 300 38 100 ‘ 59 200 19 800 20 300 22 500 11 790 000
4 0.37 carbon, sorbitic, treatment A......... 77 100 75 800 84 500 102 800 50 900 51 600 60 200 11 960 000
10 049 carbon, sorbitic /.o vk sia T e 57 500 55 900 60 100 76 500 37 200 36 800 None 12 150 000
3 0:562:carbon; normaliged 7. . i t1c it iosen 48 700 47 800 51 000 78 700 30 000 30 000 34 600 11 720 000
3 0:62 garbon; sarbiticc s i s liin i e 85 600 84 400 87 400 97 800 53 100 52 200 None 12 110 000
6 0.93-carbon; pearlitie. . vaevim smmmee soine 22 800 23 500 29 700 i 69 200 16 600 15 600 22 500 11 880 000
6 .98 carhon, gorbitio . ... v owas e ih o 66 700 64 800 72700 | 97100 42 300 42 000 None 12 130 000
6 0.93 carbon; troostitic. .. . o sanive it cae 105 300 106 500 Noties oot e ] 77 500 75 200 None 11 960 000
1 1.20 carbon, normalized.............. ... 55 400 + 55 300 57 900 96 500 36 400 36 500 39 700 11 700 000
1 1:20 carbenyperbitiCir s i) ¢ s s oeels 104 400 102 700 111 500 149 200 82 700 80 600 None 11940 000
& 3.5 nickel, treatment B................00n 85 600 86 400 94 000 ‘ 95 100 56 000 55 500 None 11 890 000
5 Chrome-nickel, treatment A.............. 123 900 122 600 130 100 ! 133 000 72 800 72 400 84 900 11 510 000
5 Chrome-nickel, treatment B. ............. 98 200 97 800 100 000 “ 100 300 63 400 62 500 None 11 980 000
5 Chrome-nickel, treatment C. ............. 91 600 91 500 97 400 99 900 62 200 62 300 None 12 020 000

.
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TABLE

5

REesurts oF HarpNess Tusts, ImpacT Tests, FRANCKE TESTS, AND REVERSED-STRESS TESTS

Francke ’

Impact Re-
\ Hardness Bend- Impact Tension Endurance Limits Bend- | peated
= ing ing Impact
| [ [ [ ¥
‘ Energy | Energy | 9% of | 9% of | Farmer Upton- | Olsen- FR Number
No. STEEL 2 of of |Elonga- | Reduc- | Rotat- = Lewis | Foster | Point | _ of
‘ Brinell | Sclero- | Rupture| Rupture tion | tion ing Re- Re- in | Double
i scope ft. 1b. ft.lb. of Beam | versed | versed |Francke| Blows
‘ Area Bend- | Torsion | Test
‘ ‘ ‘ ng
\ \

9 0.02 carbon, asreceived......covveennnn. 69 18 19.3 84.9 ‘ 27.0 72.7 26 000 : 23000-) 12 8007} ... . conie 260
B1E1F Hotrolledimsireceivedin i e s s G0 i e e e I A T T U e 242
51 | Hot-rolled, reduced t0 0.48 in.............|l.c..o... s o i s el S o b 3510000 {:- ot n s e e 280
51 | Hot-rolled, reduced t0 0.44 in..........o..leveee... e e R RS e 4170007 e e 361
51 | Hotrolled, bent cold and straightened ... ..... O Ty 30000 |........ e I
T I a1 e e e I B T O St 41000 [i..i00e | 316
80 |- Cold-drawn; annealed ati1300° F.. o o oo [slosstsmslfomvs s smmimes]sesss s snfesmmse sl sapmess 29000 Lt ehant b e 202
50! | Cold-drawn, atmeale@iat ISH0IE. [, .. ot el Sioie s oivsian s ehenson st o ot stere ars =15t oum e leots srei] 3o oo e 2BI000 |t e s e e 223

0.37 carbon, normalized........c....c0n. 132 18 15.8 168.4 ST a5y T 33 000 | 30000 | 16 000 | 33 000 183
0.37 carbon, sorbitie, treatment A........ 209 26 53.2 163.2 24.0 1 62.8 57 000 “ ........ 32500 | 550
.37 earben. Borbitie, treafmpntiB ;5o il onisieie Atk stsieeie hantaamse e e At | staisrane e 1 ........ 4510007 1 0 5 A b s 44 000 \ 503
10 | 0.49 carbon, SOTbitic. . ....vueeeeeeeeeens 197 23 22.5 | 152.3 | 24.0 ‘ 55.1 | 48 000 i 39000 | 26000 |........ N 319
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TaBLE 5 (Continued)

Resvrrs or Haroness Tests, ImpacT TESTS, FRANCKE TESTS, AND REVERSED-STRESS TESTS

Impact ‘ Francke| Re-
Hardness Bend- ‘ Impact Tension Endurance Limits Bend- eated
ing ing mpact
|
No- STEEL Energy ~ Energy | 9% of % of | Farmer | Upton- | Olsen- FR Number
of of Elonga- Reduc- | Rotat- | Lewis | Foster | Point of
i Brinell \ Sclero- | Rupture Rupture| tion tion ing Re- Re- in Double
| scope | ft.lb. | ft.Ib. of Beam | versed | versed |Francke| Blows
| Area Bend- |Torsion | Test
| ing
3 0:52 carbon, normalized................. 193 ‘ 24 13.2 188.5 24.2 45.6 42000 | 32000 |........ 39 500 275
3 0.52 carbon;sorbitic. o i e e 227 30 21.4 172.0 22.2 55.1 55000 | 44000 |........ 66 000 486
6 | 0.93 carbon, pearlitic.................... 162 23 2/2 7 141.3 | 21.2 34.5 | 30500 | 28 500 | 16300 | 34 000 66
6 0:93:carbon, SOEBILILE (et + v i s wieiiioie b 227 31 3.3 193.2 21.6 43.9 | 56000 | 44000 |.....cilemins e 128
6 0.93 carbon, troostitic.............. .. .. 380 51 4.4 186.8 | 15.0 41.3 OB000 = o 62000 |15 e 227
1 | 1.20 carbon, normalized................. 224 31 1.9 | 88.8 | 88 | 14.6 | 50000 | 45000 [........|........ 39
1 120 Carbon BOIDITIC s b e e 369 45 2.0 109.1 6.8 11.0 00 T el e 172
7 3.5 nickel, treatment B. ................. 242 28 41.0 179.9 22.8 57.4 63000 .. i RS e 524
5 | Chrome-nickel, treatment A.............. 291 36 45.4 173.8 17.0 61.7 | 68000 | 52000 | 37000 | 62000 | 1073
5 Chrome-nickel, treatment B. ............ 247 28 53.8 175.3 22.2 63.2 BEDOO 1l 31800 |as. o] 714
5 | Chrome-nickel, treatment C............. 246 29 5601 17608 R7 0= 67000 | e 722
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TABLE 6

REPRESENTATIVE SUMMARY SHEET
Tests of Chrome-Nickel Steel, Treatment A

Texsion Tests

Comrression Tests

Propor- - Propor-
Set tional Set tional
Specimen Elastic Elastic Yield Ultimate | Elongation | Reduction | Specimen Elastic Elastic Yield Ultimate
Number Limit Limit Point of Area Number Limit Limit Point |
1b. per sq. in.|Ib. per sq. in.|lb. per sq. in.|Ib. per sq.in.| per cent per cent 1b. per sq. in.|Ib. per sq. in.[Ib. per sq. in.l‘lb. per sq. in.

SO0 = i ooy v e fows ates sy 140 600 16.5 59.8 5C26C 126 500 125 000 132 700 136 700
5D13D 120 000 116 000 133 700 140 600 20.0 62.7 5D13D 128 000 126 500 138 000 140 000
5A91B 121 000 121 000 128 400 140 300 19.0 62.3 5A91B 127 000 124 000 130 300 133 900
5B65A 118 000 119 500 124 900 136 600 17.5 61.3 5B65A 121 000 120 000 127 200 \’ 131 100
5A39A 113 000 114 000 126 200 138 100 17.5 62.2 5A39A 122 500 120 000 126 700 131 000
5C78A 114 000 107 000 127 500 135 900 19.0 62.4 5CT78A 118 300 120 000 125 700 125 700
Average 117 200 115 500 128 100 138 700 18.2 61_.8 Average | 123900 122 600 130 100 | 133 000

09
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AN INVESTIGATION OF THE FATIGUE OF METALS

TasLe 6 (Continued)

REPRESENTATIVE SUMMARY SHEET
Tests of Chrome-Nickel Steel, Treatment A

61

TorstoNn TesTs HArDNESS
Propor-
Set tional ! A
Specimen Elastic Elastic Yield Modulus of Brinell Scleroscope
Number Limit Limit Point Elasticity
1b. per sq. in.|lb. per sq. in.| 1b. per sq. in.| lb. per sq. in.
5C26C 72 500 72 000 93 750 11 500 000 302 36
5D13D 77 500 78 000 86 100 11 380 000 302 36
5A91B 74 500 72 500 84 300 11 640 000 293 36
5B65A 72 500 70 500 83 200 11 630 000 289 36
5A39A 70 000 72 000 80 750 11 470 000 273 37
5C78A 69 500 69 500 30 500 11 420 000 286 35
Average 72 800 72 400 84 900 11 510 000 - 291 36
Cuarpry ImMpAcT BENDING Cuarry ImpacT TENSION RepeaTED IMPACT
Energy Energy Energy Reduc- ¥ Number
Sepci- of Speci- of Speci- of Elonga- | tion of Speci- of
men Rup- men Rup- men Rup- tion Area men Double
Number ture Number ture Number | ture Number | Blows
ft. Ib. ft. 1b. ft. Ib. | per cent |per cent
5B78B 46.1 5B78B 47.8 5B78B 186.8 7.0 63.7 5D13A 1359
-5A104B | 47.1 5A104B 45.4 5A104B | 181.2 24.0 63.4 5A26A 1214
-5A26B 45.2 5A26B 46.9 5A26B 150.4 170 62.3 5B0OB 1099
5C39C 44.9 5C39C 45.4 5C39C 180.4 22.0 61.7 5A117A 886
5C91C 41.8 5C91C 43.2 5C91C, 170.3 15.0 57.2 5A130A 806
A vErRgan ol S N R e S R 173.8 170 L3 i Sl I S e 1073
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Fic. 24. S-N D1AGrAMS FOR 0.93 CARBON STEEL AND FOR 1.20 CARBON STEEL,
RoTATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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25. S-N DiagrAMS FOR CHROME-NICKEL STEEL AND FOR 0.37 CARBON

STEEL, ROTATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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Fre. 26. S8-N DiAGraMs FOrR 0.52 CARBON STEEL, 0.49 CARBON STEEL,
0.02 CARBON STEEL, AND 3.5 NICKEL STEEL, ROTATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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Fie. 27. S-N DiaerAMS For HoT-ROLLED STEEL AND FOrR CoLD-DRAWN STEEL,

RorATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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RoTATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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F1a. 29. S-N DraeramMs SHOWING EFFECT OF SURFACE FINISH,
: RorATING-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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Fia. 30. S-N DiaGrAMS SHOWING EFFECT oF OVERSTRESS, 0.49 CARBON STEEL,
RorATiNGg-BEAM TESTS
Logarithmic abscissas give thousands of cycles for rupture
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Fia. 32. 8-N Diaerams, UproN-LEwrs TEsts, 0.93 CARBON STEEL, 1.20 CARBON
STEEL, 0.49 CARBON STEEL, AND 0.02 CARBON STEEL
Logarithmic abscissas give thousands of cycles for rupture
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F1e. 33. 8-N Diaerams, UproN-LEwis Tests, 0.52 CARBON STEEL, 0.37 CARBON
STEEL, AND CHROMB-NICKEL STEEL: TESTS ON ‘WISCONSIN MACHINE
CHROME-NICKEL STEEL
Logarithmic abscissas give thousands of cycles for rupture
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Logarithmic abscissas give thousands of cycles for rupture
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Logarithmic abscissas give thousands of cycles for rupture
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TABLE 7

S-N Resurrs rorR REVERSED-STRESS TESTS
(I) Reversed-Bending Tests on Rotating-Beam Machine (Farmer Type)

Unit Stress
1b. pergsq. in.

"

Cycles for Rupture
in Thg]usands

Unit Stress Cycles for Rupture
Ib. per sq. in. in Tl;\;:msands
£

Steel No. 1, 1.20 Carbon, Normalized

74 6261

=
>
1
(=}

2
36 250%

103 596%
101 319%

+  Steel No. 1, 1.20 Carbon, Sorbitic
20% Overstress, S =110 300
N = 5 000 (Cont’d)

83 200 10
83 200 249
82 800 31 366%
81 600 10 139%*
80 300 10 968*
79 900 35
79 100 10 855*
76 600 10 720%*

Steel No. 1, 1.20 Carbon, Sorbme
20% Overstress, S=110 3
N= 10 000 .

Steel No. 1, 1.20 Carbon, Sorbitic

110 000
105 000
100 200
98 100
95 100
92 000
90 100
89 900
89 100
81 800

99 707*
106 265%
102 005*

Steel No. 1, 1.20 Carbon, Sorbitic
209% Overstress, S =110 300—
N= 5 000

105 300 30
99 900 22
96 200 82
94 100 112
90 000 92
87 000 48
85 200 52
83 900 97
82 800 8 336%*
81 900 22
80 900 12 917%
80 100 126
79 000 111
79 000 206

Steel No. 3, 0.52 Carbon, Normalized

105 300
100 200
99 900
95 000
89 900

60 400 13
57 700 19
57 500 23
55 400 44
52 300 69
50 500 105
50 300 182
48 800 159
48 000 139
47 500 380
45 400 411
44 000 4

43 800 100 170%*
42 800 1 537
42 700 1 251

* Specimen did not break.

1 Specimen bent.
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S-N ResuvnLrs FOR REVERSED-STRESS TESTS

TABLE 7

(Continued)

(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

f

4

Unit Stress
1b. peg sq. in.

Cycles for Rupture
in Th})vusands

Unit Stress
1b. per sq. in.
S

Cyecles for Rupture
in Th%xsands

Steel No. 3, 0.52 Carbon, Normalized (Cont'd)

Steel No. 4, 0.37 Carbon, Normalized (Cont’d)

4 1241
100 000*

102 738*
100 614*

35 700
35 400
35 100
35 100
34 700
33 900
33 900
33 800
33 200

Steel No. 3, 0.52 Carbon, Sorbitic

89 800 10
85 000 13
82 200 37
78 100 40
75 400 57
73 000 73
70 200 183
69 500 148
65 500 303
64 000 282
62 000 562
59 000 559
58 400 8 790
57 500 1 527
56 200 540
55 800 63 265
54 100 103 387*
49 800 108 987*
Steel No. 4, 0.37 Carbon, Normalized
49 100 1
48 800 0
45 100 90
43 900 4
42 200 4
42 000 234
40 400 572
40 000 of
40 000 41
40 000 1 861
39 900 17t
38 100 280
38 100 457
38 100 1175
37 700 2 027
37 300 1 667
36 600 770
36 200 884

33 100
32 000

00 W 00 bt bt
=
5%
~

Steel No. 4, 0.37 Carbon, Sorbitic
Treatment A

—
<o
13
(=

1
100 965*
94 060*
90 179*

Steel No. 4, 0.37 Carbon, Sorbitic
Treatment B

80 000
69 900
64 100
63 000
60 200
59 800
57 200
55 100
52 600
50 500
50 000
49 000
47 200
47 100
45 300
44 200
40 300

100 456%

* Specimen did not break.

t Specimen bent.
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TABLE 7 (Continued)

S-N Resurrs For REVERSED-STREsSS TESTS
(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

Unit Stress Cycles for Rupture Unit Stress Cycles for Rupture
1b. per sq. in. in Thousands 1b. per sq. in. in Thousands
S N S N
Steel No. 5, Chrome-Nickel, Treatment A Steel No. 5, Chrome-Nickel, Treatment C

120 000 5 2 4

111 300 6 195 100 31

105 300 13 86 000 56

100 100 30 80 800 127

95 200 59 75 000 180

89 800 0 72 600 248

85 800 230 70 600 405

83 100 95 69 800 3 514

80 800 168 68 800 1027

79 600 212 68 300 1 209

77 600 306 67 500 818

76 900 289 67 500

75 600 1 305 67 500 100 662*

73 100 768 S a

76 200 045 66 500 58 281

69 200

68 800 99 908*

68 600 272

s o Steel No. 6, 0.93 Carbon, Pearlitic

68 000 1 360

67 800 100 735%

65 360 103 G0+

65 200 83 364 by 1 -

62 800 101 239* 22 008 &
40 000 80
38 100 177
36 900 162
e 2

Steel No. 5, Chrome-Nickel, Treatment B 33 400 361

32 800 643
32 200 881
31 100 1 302
30 800 662
30 800 2 270

89 800 25 30 500 100 125%

86 000 30 30 50 103 677%*

83 000 94 30 300 101 190%*

77 700 88 29 900 101 176%*

74 700 186 29 900 102 483*

74 700 223

70 100 405

67 900 810

65 900 907

65 500 1 818

65 200 1 227

65 200 2 962

64 700 34 314

64 500 102 200%

64 500 103 979*

* Specimen did not break, t Specimen bent.
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TABLE 7 (Continued)

S-N REesurts FOR REVERSED-STRESS TESTS
(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

Unit Stress Cyecles for Rupture Unit Stress Cyecles for Rupture
1b. per sq. in. in Thm’mande 1b. pet,‘s 8q. in. in Tht})\lixsands
£
|
Steel No. 6, 0.93 Carbon, Sorbitic Steel No. 6, 0.93 Carbon, Troostitic (Cont’d)
80 000 8 98 000 470
76 600 | 14 98 000 1 136
73 000 | 20 97 000 36 840
70 000 34 95 200 100 853*
67 300 43
65 400 118
64 400 74 ;
63 400 86 Steel No. 7, 3.5 Nickel, Treatment B
61 000 56
89 400 350
58 000 810 = n
58 000 161
85 200 16
57 600 1 370 34 800 £
57 200 396 80 500 a3
57 000 1 232 76 600 &
56 900 ‘ 101 335* 76 600 117
56 800 ‘ 100 869* 76 600 166
56 400 \ 538 79 600 198
56 300 1 116
2 | e 71 400 210
-‘_)6 200 104 095* 69 900 219
56 000 100 504 68 000 1 359
67 500 736
67 200 251
66 200 2 616
65 200 492
o ¥
1.5
Steel No. 6, 0.93 Carbon, Troostitic 63 800 1 6?%
63 200 62 217
63 200 69 506
62 600 99 608*
62 100 103 329*
132 700 41 62 100 102 955*
131 300 12 60 400 106 278%*
131 000 4
127 700 1
127 700 8
124 100 11 Steel No. 9, 0.02 Carbon, as Received
120 500 22
120 100 16
120 100 41
117 800 49 37 900 15
115 100 18 34 700 46
112 900 26 34,100 21
112 800 81 33200 141
109 000 59 32'100 83
106 400 (0 30 900 131
105 300 78 30 100 130
101 300 1 532 30 000 2
101 100 302 29 700 141
101 000 220 29 700 1 758
101 000 936 29 200 326
100 100 21 528 28 700 369
100 000 149 28 400 475
99 900 95 27 600 4 022
99 400 104 325* 27 4 1 255
99 000 100 900* 26.700 313t
98 000 122 26 700 814

* Specimen did not break, t Specimen bent,
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TaBLe 7  (Continued)

-N RESULTS FOR REVERSED-STREsSS TESTS

(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

Unit Stress Cycles for Rupture Unit Stress Cycles for Rupture
1b. per sq. in. in Thousands 1b. per sq. in. in Thousands
S N £ N
Steel No. 9, 0.02 Carbon, as Received (Cont'd) Steel No. 9, 0.02 Carbon, Square Shoulder
[
26 200 2t 23 300 0ot
26 200 944 22 000 0f
26 200 1 869 20 000 408
26 100 104 506%* 18 600 41671
26 000 1 392 18 200 351
25 900 4 251 18 100 4 912
25 900 100 576%* 18 100 10 774*
25 400 104 871%* 17 100 1 551
25 100 104 175* 16 000 914
15 500 1 019
15 500 8 891
14 800 470
14 700 434
14 200 2951
Steel No. 9, 0.02 Carbon, Rough Turned 13 600 1 492
13 600 12 828*
13 600 12 234*
13 400 10 000*
13 700 10 077*
32 300 31
5 200 %0
27 900 P 406 Steel No. 9, 0.02 Carbon, 4" Radius
27 900 453
27 200 576 m 2T
25 900 6 329
25 600 2 291 34 000 87
25 000 4341 32 300 4f
24 900 5 424 28 700 141
24 600 407 27 800 393
24 100 578t 27 000 221
24 000 6 26 000 1 418
23 100 11 372% 25 800 1116
25 300 1 615
i 24 500 46t
24 000 4 646
24 000 13 486*
23 800 1 625
Steel No. 9, 0.02 Carbon, Smooth Turned 23 300 3 251
22 800 4 378
22 300 1731
22 200 15 129%*
22 000 2 062
500 4t 22 000 39 129%
32 300 45 ]
57 900 800
25 900 1 480 Steel No. 10, 0.49 Carbon, Sorbitic
25 400 2 756
24 900 2 042t Lo
24 400 7 781 |
24 400 10 880%* 64 500 | 2
24 000 8991 64 400 18
24 000 25 936* 62 000 5f
23 600 2 325t 60 300 521
23 600 12 256% 60 000 38
23 500 21 937* 59 900 35

* Specimen did not break. t Specimen bent,
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TABLE 7 (Continued)

S-N REesurLts FOrR REVERSED-STRESs TEsTs
(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

]bUnit Stresss Cyple’si‘ flor Ru;()iture Unit Stress Cycles for Rupture
. per sq. in. in Thousands Ib. per sq. in. in Thousands
S N 8 N
Steel No. 10, 0.49 C
Steel No. 10, 0.49 Carbon, Sorbitic (Cont'd) il
1 |
57 700 101 |
2 000 ‘ 161 < 26 900 %
56 000 | 487 | 53 800 40
55 300 432 52 100 155
54 100 32 50 800 102
53 100 229 | 49 000 499
51 800 ‘ 514 | 48 300 357
2
50 800 | 793 47 100 260
50 800 584 46 000 2 776
50 500 315 | 45 700 2 615
50 500 ‘ 101 099* ‘ 45 900 192
50 300 101 934* | 45 300 "
10 266
ig ggg | ?gg 42 200 8 691%
49 000 766
48 800 580
8 ‘
b AR Steel No. 10, 0.49 Carbon, Sorbitic,
g 800 | }82 ggg: Rouge Finish
100
S e 4
2
Steel No. 10, 0.49 Carbon, Sorbitic, 55 100 223
Rough Turned 53 500 2 203
52 100 494
5} 21;80 354
y | b5 0 721
g1 o o3 w 50 700 243
22 75 | 50 700 12 603*
yi s 15 \ 50 700 727
44 600 274 | 2000 210
13 900 430 50 000 14 532%
41 800 417
41 400 744
41 300 1? %gg: Steel No. 10, 0.49 Carbon, Sorbitic,
40 800 1 \ Square Shoulder
|
Steel No. 10, 0.49 Carbon, Sorbitic, | 46 000 1 50
Smooth Turned 39 700 | 112
34 000 | 204
33 700 ‘ 174
56 000 13 29 300 \ 551
55 700 69 27 400 \ 1729
53 700 104 26 500 \ 650
51 400 523 ‘ 25 900 4726
50 300 169 ‘ 25 800 | 2 161
49 900 265 ‘ 25 400 ; 908
48 000 111 25 300 862
7 A
46 000 232
45 500 11 223* 24 300 48 290%
4 90 25i 54 000 ' 587
44 100
43 900 1 666 ‘ 23 800 2 428
43 600 10 647% 23 500 10 734*
42 700 13 534* 23 300 13 131%

* Specimen did not break. t Specimen bent.
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S-N RESULTS FOR REVERSED-STRESS TESTS

TABLE 7

(Continued)

(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

Unit Stress 1
1b. perssq. in. [

Cyecles for Rupture
in Thousands

Unit Stress
1b. perSsq. in.

Cycles for Rupture
in Th(}:’xsands

Steel No. 10, 0.49 Carbon, Sorbitic, V-Notch

Steel No. 10, 0.49 Carbon, Sorbitic, 1 Radius
Cont’d)

Steel No. 10, 0.49 Carbon, Sorbitic, 24”" Radius

896
521
12 793*
12 669*
1110
10 223*

Steel No. 10, 0.49 Carbon, Sorbmr, 38% Over-
stress, N =100, S =69 700

67 000
65 700
64 700
62 500
61 100
57 900
56 400
54 300
52 600
51 100 .
50 800

50 500
50 000
49 500

10 220%*

3
14 440*
10 687*

Steel No. 10, 0.49 Carbon, Sorbitic, 35% Over-
stress, N =1000, S =65 Ol

Steel No. 10, 0.49 Carbon, Sorbitic, 1”7 Radius

1
10 086*

45 900
45 800
45 600

stress, N =1000,

Steel No. 10, 0.49 Carbon, Sorblt)g, 299%, Over-

$=62 0

50 800

22
261
155
564

* Specimen did not break.

+ Specimen bent,
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TABLE 7

(Continued)

8-N RESULTS FOR REVERSED-STRESS TESTS

(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

83

Unit Stress
Ib. pex;gsq. in.

Cyecles for Rupture

in Thousands
N

Unit Stress

1b. per sq. in.
8

Cycles for Rupture

in Thousands
N

Steel No. 10, 0.49 Carbon, Sorbitic
299%, Overstress, N =1000, S =62 000

'(Cont.’d)

Steel No. 50, Cold-drawn, as Received

Steel No. 10, 0.49 Carbon, Sorbitic,
299%, Overstress, N =5000, S =62 000

57 606*

10 620%*

Steel No. 50, Cold-drawn, Annealed at 1300° F.

o
o
o
(=]
(=]

Steel No. 10, 0.49 Carbon, Sorbitie,

20%

Overstress, N =5000, 8 =60 600

58 500
55 000
52 900
51 300
50 500
49 800

2 8
10 022*

Steel No. 10, 0.49 Carbon, Sorbitic,
109, Overstress, N =5000, 8 =55 600

Steel No. 50, Cold-drawn, Annealed at 1550° F.

54 300
53 100

1 220
10 554%

* Specimen did not break,

t Specimen bent,
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TaBLE 7- (Continued)
- 8-N RESULTS FOR REVERSED-STRESS TESTS
(I) Reversed-Bending Tests of Rotating-Beam Machine (Farmer Type)

Unit Stress Cycles for Ru gture Unit Stress Cycles for Rupture
1b. per sq. in. in Thousan 1b. per sq. in, in Thousands
S S N
Steel No. 51, Hot-rolled, 0.18 Carbon, Steel No. 51, Hot-rolled, 0.18 Carbon,
as Received Reduced from 1% in. to 0.48 in.

45 400 24 50 100 25

42 300 33 46 700 42

42 100 7t 45 200 154

39 700 148 43 100 260

37 700 221 40 000 385

36 200 172 40 000 795

34 600 602 39 000 841

30 300 1 244 37 700 671

30 300 1 292 37 000 203

29 200 4 631 35 800 1712

28 600 12 452 34 800 52 383*

27 800 53 926%*

27 300 50 905* T
Steel No. 51, Hot-rolled, 0.18 Carbon, Steel No. 51, Hot-rolled, 0.18 Carbon,

Reduced from 4 in. to 0.44 in. Bent Cold and St.ralghtened

54 700 ‘ 32t —

50 500 | 230

49 800 : 55 49 800 3

48 300 ‘ 524 45 300 1f

47 000 ‘ 1178 37 300 546

45 200 911 34 700 1 504

42 200 s 3 519 32 500 726

40 000 53 537* 31 400 2 384

40 000 53 582% 30 000 65 198

37 600 | 53 826*

* Specimen did not_break. + Specimen bent,
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TABLE 7

(Continued)
S-N RESULTS FOR REVERSED-STRESS TESTS

(IT) Reversed-Bending Tests on Upton-Lewis Machine

Unit Stress Cycles for Rupture
1b. pel:g sq. in, in Th(;vusands

Unit Stress
Ib. pex"s 8q. in.

Cyecles for Rupture
in Th(l)vusands

Steel No. 1, 1.20 Carbon, Normalized

Steel No. 4, 0.37 Carbon, Sorbitic

65 000 . 6
60 000 11
58 400 23
48 600 167
46 700 495
45 000 81
44 200 2 047%

Steel No. 3, 0.52 Carbon, Normalized

53 300 20
46 500 26
46 000 40
43 300 79
41 200 95
38 000 98
37 000 225
34 200 315
33 000 195
32 000 2 017*

Steel No. 3, 0.52 Carbon, Sorbitic

70 700 15
60 000 46
54 000 93
50 000 143
48 000 179
47 000 392
45 000 1 323
43 000 2 086*
42 000 2 928*

70 700
66 700
64 300
58 900
57 800
54 800
54 200
51 600
44 800
44 700

Steel No. 5, Chrome-nickel, Treatment A

-
—
el
w

Steel No. 6, 0.93 Carbon, Pearlitic

45 000 13
40 000 | 49
38 200 ‘ 178
38 000 96
36 000 [ 113
36 000 ‘ 248
35 900 289
34 800 129
34 000 ‘ 116
32 800 : 196
32 000 ‘ 214
32 000 | 2 226
31 200 | 1 224
31 000 330
30 200 ' 2 007*
30 000 | 895

28 900
28 600
28 000
28 600

* Specimen did not break,

+ Specimen bent,
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TABLE 7

(Continued)

ILLINOIS ENGINEERING EXPERIMENT STATION

S-N ResurLts FOR REVERSED-STRESS TESTS

Unit Stress
1b. pers 8q. in

Cycles for Rupture
in Thxrusanda

Unit Stress
1b. 1:)91:S 8q. in.

Cyecles for Rupture
in Thtx.’lsands

Steel No. 6, 0.93 Carbon, Sorbitic

75 500
70 500
67 200
65 400
60 900

39 800
32 000

23 300
23 000

Steel No. 9, 0.02 Carbon, as Received

Steel No. 10, 0.49

Carbon, Sorbitic

-
-
o
o

DO =

* Specimen did not break,

t Specimen bent,
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TABLE 7 (Continued)

S-N ResuLts FOR REVERSED-STRESS TESTS

(IIT) Reversed-Bending Tests on Rotating-Beam Machine (Wisconsin )

Unit Stress Cycles for Rupture Unit Stress Cycles for Rupture
1b. per sq. in. in Thousands Ib. per sq. in. in Thousands
S N i N b
Steel No. 5, Chrome-Nickel, Treatment A Steel No. 2, Wisconsin Tests
99 900 14 50 000 ‘ 54
89 900 26 45 100 222
80 200 49 42 600 | 476
72 800 74 39 900 ; 758
65 200 224 39 500 | 1 783
62 000 10 623% 39 100 450
60 100 216 39 000 903
60 000 5 231* 38 000 10 486%*
58 100 7 215* 37 000 12 102*
56 100 5 222% 34 900 12 642%
4 000 7 250%
52 000 5 122* TR CrE ey
50 300 5 193*
e el P e Steel No. 3, Wisconsin Tests

Steel No. 1, Wisconsin Tests
59 600 42
53 100 96
i} AT 50 000 180
45 000 118 47 500 403
42 000 238 45 000 539
39 900 331 44 900 467
39 900 164 44 000 5 828
39 000 600 43 000 3 031
39 000 415 43 000 70
38 600 517 42 000 10 549%
37 000 630 42 000 20 833*
36 000 1.817 42 100 15 716*
6 000 1 076 L . LY 2
35 200 12 446%
34 900 806
34 900 1 940
34 000 1916
34 000 3 608
34 000 4 857
33 500 4 790
33 500 10 662%
33 100 10 759%*
32 500 14 173*
30 000 14 984%*

4gpecimen did not break, t Specimen bent.
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TABLE 7

(Continued)

ILLINOIS ENGINEERING EXPERIMENT STATION

S-N Resurrs ¥OorR REVERSED-STRESS TESTS

(IV) Reversed-Torsion Tests on Olsen-Foster Machine

Unit Stress
Ib. pets’sq. in.

Cyecles for Rupture
in Th(}»\\’xsands

Steel No. 4, 0.37 Carbon, Normalized

|
29 000
25 000
20 000
18 000
16 000

32 400

Steel No. 5, Chrome-Nickel, Treatment A

37 000

5
54
207
937

5 492%

2 000*
2 318*

Unit Stress
1b. pex:gsq. in.

Steel No. 5, Chrome-

49 700
46 000
41 900
42 000
39 500

Cyecles for Rupture
in Tht;vusands

Nickel, Treatment B

* Specimen did not break,

+ Specimen bent.
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TaBLE 7 (Continued)

S-N ResurLrs FOR REVERSED-STREsS TESTS

(IV) Reversed-Torsion Tests on Olsen-Foster Machine

Unit Stress Cycles for Rupture Unit Stress Cycles for Rupture
1b. per sq. in. in Thousands 1b. per sq. in. in Thousands
8l DVl Uiy s e L,

Steel No. 6, 0.93 Carbon, Pearlitic Steel No. 9, 0.02 Carbon, as Received
26 000 ! 7 20 000 13
25 000 18 18 000 35
24 000 ‘ 52 17 300 34
22 000 | 87 16 000 | 82
21 000 | 147 14 900 157
20 000 \ 79 14 300 178
20 000 196 13 500 420
19 800 305 13 200 780
19 000 | 509 13 000 1 505
18 000 703 12 700 2 446%*
17 500 | 1 149 12 500 1 632
17 000 | 1 742 12 400 | 2 062%
16 800 1 926 |

16 500 2 000* 7 L aw
16 100 | 2 880%*

Steel No. 6, 0.93 Carbon, Troostitic g }

34 000 9

SN 31 600 34

29 200 ! 82

77 500 4 y 26 900 266

68 600 4 25 600 2 206*
65 500 37
65 200 215
64 200 27
59 500 74
57 700 11
57 200 173
54 800 389
53 500 685
53 200 220
53 100 418
500 2 039*
52 400 2 045*%
52 100 2 198%
51 400 1 059

* Specimen did not break. t Specimen bent,
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IV. DiscussioN oF RESULTS

14. Endurance Limit—The question whether any material can
withstand an infinite number of repetitions of stress, however small,
cannot of course be answered by direct experimentation. Earlier
investigators determined a ‘‘limit’’ from plotted curves with values
of unit stresses as ordinates, and numbers of repetitions of stress
causing failure as abscissas. Denoting values of unit stress by S
and number of cycles of stress necessary to cause failure by N, such
diagrams may be conveniently designated as S-N diagrams, and are
so designated in this bulletin. Having drawn such a diagram, the
early experimenters then judged as best they could where the S-N
diagram became horizontal, and took the S ordinate corresponding to
this horizontal asymptote as the limiting stress which could be with-
stood an indefinite number of times. Fig. 36(A) shows some of the
test data of this investigation plotted in this way. A careful read-
ing of the writings of early investigators shows that they recognized
the limitations of this method and the enormous extrapolation in-
volved.

A modification of this method is to plot values of S as ordinates
and values of the reciprocal of N as abscissas. (See Fig. 36 [B] in
which some of the test data of this investigation are thus plotted).
Then the limit for indefinite repetition of stress is found by extend-
ing the curve backward until it crosses the zero line of abscissas.
This method involves an extrapolation which apparently is only
slight, but which in reality is as great as that involved in the first
method. In Fig. 36(B) the horizontal distance between A, cor-
responding to the smallest observed value of 1/N, and the zero line
for 1/N seems small, but in reality it corresponds to an infinite dis-
tance along the N-axis in the S-N diagram, Fig. 36(A). This method
of plotting gives no assurance that the reciprocal S-N diagrams do
not follow the broken lines in Fig. 36(B).

A modification of this second method, suggested by Mr. C. E.
Stromeyer of Manchester, England, involves plotting values of §

1
against values of i This method gives a graph which is nearly
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a straight line, but involves the same extrapolation as does the method
given above.

Some later authorities, including Professor Basquin of North-
western University, and, later, Moore and Seely, have suggested that
the relation between S and N may be expressed by an equation of

the form S= in which B and K are experimentally determined

B
i
constants. This viewpoint has been advocated as being a safe view-
point for designers, rather than as an exact statement of relation, and
it involves the assumption that any stress repeated often enough
will eventually cause failure of a material. If, in place of plotting
values of S and N, values of log S and log N are plotted, or values
of § and N are plotted on logarithmie cross-section paper, the rela-
tion given in the above equation is represented by a straight line.

In Fig. 36 (C) the results of some tests of this investigation are
plotted to logarithmic coordinates. In this figure, as in all the S-N
diagrams plotted to logarithmic coérdinates, the plotted point for
any specimen which was not broken is marked with an arrow. It
may be noted that logarithmic plotting enables both small values
and large values of N to be plotted with a reasonable degree of
accuracy. It should be noted that Fig. 36(A), Fig. 36(B), and
Fig. 36(C) show the same test data plotted in different ways. The
diagrams of Fig. 36(C) indicate that up to a certain value of N a
power equation is followed fairly eclosely, but then there comes a
quite decided break in the graph, after which a horizontal line seems
to represent the relation between § and N up to the value of N of
100 000 000, with no indication of a further break in the diagram.
On a logarithmic S-N diagram, as on an ordinary S-N diagram, a
horizontal line would seem to indicate that a limit for indefinite re-
versals of stress had been reached, and the ordinate of such a line
gives a value of § which in this bulletin is designated as the ‘‘en-
durance limit.”’

It is of course possible that the relation between § and N is of
such a nature that at some point beyond 100 000 000 reversals the
diagram again slopes downward. However, it is believed that these
experiments have been of sufficient extent and sufficiently numerous
to justify regarding the unit stress corresponding to the horizontal
line as a unit stress which can be completely reversed for an in-
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definite number of times without danger of failure and in calling
that unit stress the endurance limit. Additional confidence in this
conclusion is given by the well-defined ‘‘break’’ shown in the logar-
ithmic S-N diagrams, indicating as it does a decided change in the
relation between § and N; and still further confidence is given by
the distinet rise of temperature noted at the endurance limit (this
rise of temperature is more fully discussed in Chapter V).

Some of the S-N diagrams show considerable variation in values
of N for a given value of S, especially at or near the endurance limit.
The engineer usually wishes to determine a safe value of 8, and it
may be pointed out that for these same S-N diagrams there is little
variation in § for a given value of N.

It is believed that the series of tests herein reported furnish a
- clearer demonstration of the existence and magnitude of an endur-
ance limit for steel than has been furnished by previous tests. It is
believed, moreover, that this investigation is a reconnaissance in the
field of wrought ferrous metals sufficiently extensive to indicate the
probability that there is an endurance limit for such metals in
general.

In all of the curves the endurance limit is developed at a value
of N less than 10 000 000. This fact can be used to shorten very
greatly the time required for determining the endurance limit of
ferrous metals. It is not at all certain that non-ferrous metals reach
their endurance limits at such low values of N.

15. Some Factors Influencing Endurance Limit—Fig. 24 il-
lustrates the effect of heat treatment on the endurance limit. The
very soft condition of the pearlitic structure of the 0.93 carbon steel
results in an endurance limit of 30 500 pounds per square inch. This
can be increased 84 per cent when the steel is given a sorbitic struc-
ture by heat treatment, and 221 per cent when it is given a troostitic
structure. Figs. 25 and 26 illustrate the same fact and make clear
the very great influence which heat treatment may exert upon the
fatigue strength of steel.

Figs. 32 and 33 show the S-N curves obtained with the Upton-
Lewis reversed-bending machine, and also one curve for chrome-
nickel steel, treatment A, which is from tests made on the Wisconsin
machine. The endurance limits from these tests on the Upton-Lewis
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machine are given in Table 5, and it will be noted that they are
uniformly lower than those obtained from the rotating-beam test.
This difference is probably due in part to stresses set up by the
inertia of vibrating parts in the Upton-Lewis machine, and in part
to the fact that a l4-inch radius was used in reducing the section
of the Upton-Lewis specimen, while a radius of 9.85 inches was used
in the case of the rotating-beam specimen. It is well known that an
abrupt change of section such as employed with the Upton-Lewis
specimen causes localized stresses which tend to reduce the fatigue
strength. This matter is discussed more fully in Section 20, ‘‘BEf-
fect of Shape of Specimen on Endurance.’’

For steel No. 5, chrome-nickel, treatment A, the endurance limit
was determined with three different machines. The corresponding
S-N diagrams are shown in Figs. 25 and 33. The Farmer machine
gave an endurance limit of 68 000 pounds per square inch, the Wis-
consin machine an endurance limit of 61 000 pounds per square inch,
and the Upton-Lewis machine an endurance limit of 52000 pounds
per square inch. The two lower values in the Wiseconsin and the
Upton-Lewis machines, respectively, are believed to be due to the
short-radius fillet of the Wisconsin specimen, and to the short-radius
fillet of the Upton-Lewis specimen together with acceleration effects
in the vibrating parts of the Upton-Lewis machine.

Figs. 34 and 35 show the S-N curves obtained with the Olsen-
Foster reversed torsion machine. The endurance limits taken from
these curves are given in Table 5. The results thus far obtained
indicate that the ratio of the endurance limit in torsion to the endur-
ance limit of the same steel in bending varies from 0.48 to 0.57. An
average of eight results shows that the endurance limit in torsion is
about 0.52 of the endurance limit in bending.

The effect of changes in the details of the heat treatment of
material on the endurance strength is well brought out by the two
curves in Fig. 25 for the 0.37 carbon, sorbitic steel. The specimens
for treatment A were turned to about 0.02 inch oversize and then
heat treated. The specimens for treatment B were about 5% inch
testing. Table 3 shows that the tensile results for treatment B were
square, and were first heat treated and then turned down to size for
considerably lower than for treatment A, and Fig. 25 shows that
the endurance limit was also lower. These results indicate the neces-
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sity of having the conditions of heat treating as nearly the same as
possible in order to get uniform results.

In those cases in which specimens from the same steel. were
tested in a normalized and in a sorbitic condition, the S-N curves
show that the endurance limit is higher for the sorbitic condition
by 31 per cent for the 0.52 carbon, 73 per cent for the 0.37 carbon,
and 84 per cent for the 1.20 carbon steel. For the 0.93 carbon, the
sorbitic gives an endurance limit 84 per cent higher than the pear-
litic steel.

An interesting fact, shown by Table 3, is that the 0.37 carbon
sorbitic steel has a percentage of elongation almost as high as the
0.37 carbon normalized steel, and the percentage of reduction of area
is even higher. For the 0.93 carbon steel the ductility is almost
exactly the same for the sorbitic specimens as for the pearlitic; for
the 0.52 carbon. steel the elongation is slightly less for the sorbitic
specimens than for the normalized, but the reduction of area is
greater; while for the 1.20 carbon steel the sorbitic condition has
actually a higher duectility than the normalized. These results in-
dicate that heat treatment may greatly improve the static and fatigue
strength properties of the material with no serious sacrifice of due-
tility.

The tests were not conducted with the intention of comparing
carbon steels with nickel and chrome-nickel steels, but certain qualiti-
tative results may be mentioned. Table 3 shows that the sorbitic
‘treatment for the carbon steels, with the one exception of the 1.20
carbon steel, develops about the same ductility represented by per-
centage of elongation as the heat treatments which were used for
the nickel and chrome-nickel steels. The results indicate that the
nickel and chrome-nickel steels have the advantage of somewhat
higher endurance limits for the same duectility. This result is not
unexpected, judging from the well-known fact that these alloy steels
in comparison with carbon steels show high ductility for a given
static strength.

16. Relation of Static Strength to Endurance Limit.—The tests
described in this bulletin seem to indicate that the results of static
tests made in an ordinary testing machine are not reliable as an
index of the strength of the material under reversed stress as de-
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termined by the rotating-beam test.

In confirmation of this, atten-

tion is called to F'ig. 37, in which are plotted values of the endurance
limit, the proportional limit, and the ultimate tensile strength for
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the various steels tested, arranged in such order that the endurance
limits inerease from left to right. The values for proportional limit
do not follow at all closely the values for endurance limit. Compu-
tations from the values given in this figure show that the ratio of
endurance limit to proportional limit varies from 1.5 to 0.5, making
it apparent that the proportional limit cannot be used to prediect
fatigue strength in bending. The variation in the ratio of endur-
ance limit to ultimate tensile strength is not as great as the variation
just mentioned, but is considerable, the ratio ranging from 0.68 to
0.36. In general as the proportional limit and the ultimate tensile
strength inerease the endurance limit also increases.

Fig. 37 also shows values of the endurance limit as determined
by a temperature test, which is discussed in detail in Chapter V.

A study of the endurance limits in torsion and the correspond-
ing proportional limits shows that here also the proportional elastic
limit is not a reliable index of fatigue strength. In this case, the
ratio of endurance limit to the proportional elastic limit was found
to range from a value of 1 for the 0.02 carbon steel and the 0.93
carbon pearlitic steel, to 0.51 for the chrome-nickel steel, treatment A.

The determination of the elastic limit and the ultimate strength
(Fig. 37) depends upon the average properties of a considerable
mass of material. A minute defect, such as a nick on the surface,
an incipient crack in the structure, or a localized stress resulting
from heat treatment, will not in general affect the determination
to an appreciable extent. On the other hand, such a localized defect
may readily act as a nucleus for structural damage which, under re-
peated stress, spreads in the form of minute cracks with continued
localized stress present at the roots of these cracks, and finally causes
failure.

It is readily conceivable that even for a material free from seri-
ous flaws non-homogeneity of structure might affect resistance to
repeated stress to a much greater extent than it does static strength.
Consider two materials, A, made up of strong and weak crystals
. with a large preponderance of strong crystals, and B, made up of
crystals all alike, and all somewhat weaker than the strong crystals
of A. It seems quite possible that material A will give higher elastic
strength under static tests and lower strength under repeated stress
than material B. Such might well be the case for the chrome-nickel
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steel with heat treatment A as compared with the troostitic 0.93
carbon steel, the former corresponding to material A, and the latter
to material B.

Fig. 25, which shows the S-N curves for the three heat treatments
of steel No. 5, chrome-nickel, is especially interesting. By referring
to Table 3 it will be seen that treatment A gives the highest ultimate
strength and proportional elastic limit; treatment B is about 15 per
cent lower, yet the endurance limit is almost as high as with treat-
" ment A. Treatment C gives a low proportional elastic limit com-
pared with the other two treatments, yet the endurance limit is
actually a little higher than that for treatment B and almost as
high as that for treatment A. This is particularly interesting in
view of the fact that the proportional elastic limit of material with
treatment C is low compared with its yield point, and that the
tension stress-deformation curve shows considerable permanent set
below the yield point. On the basis of mechanical hysteresis it
would ordinarily be expected that a material which showed consider-
able permanent set would probably be poor in resisting fatigue. This
does not seem to be the case for treatment C of the chrome-nickel
as compared with the other two treatments.

One rather remarkable result is indicated by Fig. 37. Com-
putation from values given in the figure shows that the ratio of the
computed stresses at the endurance limit to the proportional elastic
~ limit of the 0.02 carbon steel was almost 1.5, and the endurance limit
was actually 33 per cent higher than the average yield point in ten-
sion and compression. This result may at first appear impossible,
and it is believed that it would be impossible in reversals of direct
tensile and direet compressive stress, but it must be recalled that
the endurance limit here mentioned was obtained from a rotating-
beam test. Kvidently the inner fibers of the beam, which are not
stressed as highly as those on the outside surface, reinforce the outer
fibers sufficiently so that the nominal stress calculated is actually
higher than the yield point of the material. Of course the outer
fibers are actually stressed only to the .yield point, but evidently .
enough of the inner fibres are sufficiently stressed so that the resist-
ing moment of the beam is increased to about 33 per cent above that
based upon the yield point. While the above is an explanation of
the possibility of the result it does not make the result less remark-
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able, especially in view of the fact that only one other steel, the 0.93
carbon, gave an endurance limit even approximately equal to the
proportional elastic limit of the material, as is clearly shown in
Fig. 37. This result is called remarkable not because of the high
endurance limit developed (the endurance limit of the 0.02 earbon
steel was the lowest of all the steels tested) but merely because of
the high ratio of endurance limit to proportional elastic limit and
to yield point, and because it is believed that so high a ratio has not
been observed before.

It seems clear that, in any case, the endurance limit for steel
can be no higher than its yield point. That is to say, the actual unit
stress existing in fatigue is limited to the yield point, although the
nominal calculated stress, as in the case of the 0.02 carbon steel,
may sometimes be higher than the yield point.

This matter has been dwelt upon at length because it may offer
a clue to a quality necessary in a steel to produce a high ratio of
endurance limit to proportional elastic limit. Apparently the only
quality possessed by the 0.02 carbon steel which offers an adequate
explanation of the above phenomenon was its great homogeneity.
This steel was almost pure ferrite, while all the other ‘steels were
made up of several constituents. The only other steel which showed
an endurance limit higher than the proportional elastic limit was
the 0.93 carbon pearlitic steel. When the steel is made up all of
pearlite or all of ferrite the ratio of endurance limit to proportional
elastic limit is high. It seems to the writers that perhaps one of
the qualities to be desired in order to get a high ratio of endurance
limit to proportional elastic limit may be homogeneity of structure.

From the test data given in Appendix A it appears that anneal-
ing various grades of steel gives a high ratio of endurance limit to
proportional limit. It would seem reasonable that either homogene-
ity of metallographic structure or freedom from internal strains
(such freedom as would be brought about by thorough annealing)
should tend to give a high ratio of endurance limit to proportional
limit.

It does not seem likely that ductility, as shown by percentage
of reduction of area and by percentage of elongation, will have much
bearing on the strength in fatigue. These quantities are based upon
the action of a bar as a whole and in ductile materials are largely
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dependent upon the final necking down after the ultimate has been
reached. In fatigue failures there is no necking down, but the ma-
terial fails as though it were brittle. Furthermore, the action in
fatigue is extremely local and does not involve a large portion of
the bar. A study of Table 3 will show the basis for the foregoing
statements. The 0.93 carbon troostitic steel, for instance, shows low
elongation and reduction of area, but a high endurance limit and a
high ratio of endurance limit to proportional elastic limit.

Tt has been suggested by various investigators that the use of
very delicate instruments for measuring deformation might enable
an experimenter to detect in a static test the minute fractures which
are supposed to occur at the endurance limit. An apparatus of
great delicacy has been developed by Mr. W. J. Francke of New
Brunswick, New Jersey,* who has tested in his laboratory specimens
of several of the steels studied in this investigation. The results
in Table 5 showing the ‘“FR’’ point determined in the Francke test
indicate that the stress corresponding to this ‘““FR’’ point coincides
quite eclosely with the endurance limit in some cases, but not so
well in others. More information will be necessary to determine
the value of the Francke test as a criterion of fatigue strength.

17. Correlation of Results of Hardness Tests and of Impact
Tests With Results of Reversed-Stress Tests—The results of the
Charpy impact-bending tests, the Charpy impact-tension tests, and
the repeated-impact tests indicate that the results of the impaect tests
made cannot be used as a eriterion of fatigue strength. Fig. 38,
in which the plan of plotting results is similar to that used in Fig.
37, makes this clear. The results of these impact tests bear no con-
sistent relation to the endurance limits for the various steels.

Fig. 38 shows on the other hand a quite consistent relation
between Brinell hardness and endurance limit. Within the range of
the materials tested in this investigation it would seem, therefore,
that the Brinell hardness test may prove to be valuable in predict-
ing the approximate value of the endurance limit. This approximate
value could then be checked by fatigue bending tests on a number
of specimens not exceeding a value of 10000 000 cycles of stress.

*Proc. Am. Soc. for Test. Materials, Vol. XX, Part II, p. 372, 1920.
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By this procedure the endurance limit of a steel could be determined
in a comparatively short time. ,

Tt seems significant that the elastic properties of a material
should be so unreliable as criteria of fatigue strength, while the
Brinell hardness is fairly satisfactory. The point to be emphasized
is that the Brinell hardness test is an empirical test which stresses
the material beyond its proportional elastic limit and gives it a
permanent deformation. Perhaps the endurance limit in bending
bears some relation to the properties which a material has when its
elastic limit has been exceeded and the metal is in a plastic con-
dition. The writers offer no explanation other than that of an em-
pirical relation. Without further investigation the Brinell test
should not be regarded as reliable for determining the endurance
limit for non-ferrous metals, nor for determining the endurance limit
for steel with ‘‘snowflakes’’ or other mechanical defects.

The ‘“‘rise of temperature’’ test (Chapter V) is a short-time
test for endurance limit which gave more accurate results than did
the Brinell test, and which, moreover, seems to have a more logical
basis.

Both the Brinell test and the ‘‘rise of temperature’” test may
be used as non-destructive tests on parts of machines and structures.

18. Accelerated Methods of Determining Endurance Limit.—
The basic tests used in this investigation for determining the endur-
ance limit are believed to involve the accurate measurement of
number of reversals of definite'ly known stresses. These tests are,
however, time consuming. While the endurance limit of steel may
be determined by tests running no higher than 10 000 000 repetitions,
several days must be consumed in making such a determination.
Various accelerated tests have been proposed for determining the
endurance limit. Among these may be mentioned impact tests, re-
peated-impact tests, short-time tests under repetitions of high stress,
magnetic tests, and tests in which the rise of temperature caused by
repeated stress is measured.

Impact tests under a single blow are frequently made, usually
- on flexure specimens which have been notched so that complete rup-
ture will occur (Charpy, Izod, or other ‘‘notched-bar’’ tests). The
action of a single impact is widely different from that of repeated
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stress; both impact tests and repeated stress tests do, however, em-
phasize the influence of local defects. No correlation could be
observed between the results of reversed-stress tests in this investiga-
tion and the results of single-blow impact tests.

Repeated-impact tests are sometimes made upon flexure speci-
mens notched to localize failure, using a few hundred light blows
in place of one heavy blow. In this class are tests on a ‘‘Stanton’
machine or one similar in principle. These tests would seem to be
a somewhat arbitrary compromise between a single-blow impact test
and a repeated-stress test, and it is not possible to measure the stress
set up in the notched bars used. The repeated-impact tests made
in this investigation used a rather heavy blow for the size of speci-
men. The results of these repeated-impact tests failed to show any
correlation with the results of the reversed-stress tests.

Short-time repeated-stress tests under high stresses have fre-
quently been made and have given values for comparison, either
on the basis of a constant stress and relative endurance of two steels,
or on the basis of relative magnitude of stress corresponding to a
given endurance. The results of the present investigation, and of
some other investigations, seem to indicate that short-time, high-
stress tests do not always give results corresponding to long-time,
low-stress tests. This is illustrated by a comparison of the S-N dia-
grams for cold-drawn steel (Fig. 27) with the S-N diagram for 1.20
carbon steel normalized (Fig. 24). Comparing the values of N for
a value of § of 60000 pounds per square inch, the cold-drawn steel
would seem the more resistant to repeated stress; comparing the
values of N for a value of S of 45000 pounds per square inch, the:
cold-drawn steel fails after about 1000 000 cycles of stress while
the 1.20 carbon normalized withstands 100000 000 ecyecles without
failure. Further discussion of such tests is given in Appendix A.

Magnetic tests to detect microscopic incipient fractures de-
veloped under repeated stress hold some promise of success, but are
applicable only to ferrous metals. This test has not been thoroughly
developed so far as the writers are aware, but promising preliminary
results have been obtained by Dr. C. W. Burrows of New York, and
by Mr. R. L. Sanford of the United States Bureau of Standards.

A study of the rise of temperature produced after a few hun-
dred repetitions of stress has been proposed by various investigators,
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and especially by Mr. C. E. Stromeyer of Manchester, England, who
made a preliminary experimental investigation of this test. This
test has been given special study in the present investigation and
the results of that study are given in detail in Chapter V by Messrs.
Putnam and Harsch.

19. Effect of Cold Work on Fatigue Stremgth.—The upper
half of Fig. 27 shows the S-N curves for Steel No. 51, which was
received in the form of hot-rolled, half-inch, reinforcing bars. Part
of this material was tested as received, part was stretched in tension
until the diameter had been reduced to 0.48 inch, part had the di-
ameter reduced in the same way to 0.44, and part was bent cold
through 45 degrees and straightened. The cold stretching was such
that the material reduced to 0.48 inch was stressed to a point between
the yield point and ultimate. The material reduced to 0.44 inch
was stressed up to the ultimate and was about to neck down. In
each case after the material had been cold worked it was raised to a
temperature of 500 degrees F. and held there for 15 minutes, so
that it might recover its elasticity rapidly. The tension test results,
which were determined from specimens 14 inch in diameter taken
from the ends of the rotating-beam specimen, are shown in Table 3.
The specimens for the rotating-beam machine were prepared in the
standard manner.

Fig. 27 shows that the cold bending raised the endurance limit
slightly, about 7 per cent. The cold stretching raised the endurance
limit in the first case about 25 per cent, and in the second case about
46 per cent. The cold stretching in the above two cases raised the
proportional elastic limit about 57 and 82 per cent, respectively ;
and the ultimate about 10 and 19 per cent, respectively. The en-
durance limit is therefore influenced to a much smaller degree by
cold stretching than is the proportional elastic limit.

The lower half of Fig. 27 shows the S-N curves for Steel No.
50, received in the form of 7/16 round bars. Some of this material
was tested as received, some after annealing at 1300 degrees F'.,
and some after annealing at 1550 degrees F. Taking the material
annealed at 1550 degrees F. as a standard, the endurance limit for
the 1300 degrees F. annealing is 16 per cent higher, although this
value is somewhat in doubt, and that of the material as received is
64 per cent higher.
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The tension test values in Table 3 show that the results after
annealing at 1300 degrees F. are about the same as after annealing
at 1550 degrees F'.; but the results for the material as received are
higher than those for the material annealed at 1550 degrees F. by
97 per cent and 49 per cent for the proportional elastic limit and
ultimate strength, respectively. These last results again show that
the endurance limit is not affected by cold work to the same degree
as is the proportional elastic limit.

The results on Steel No. 50 bear out the results found by previ-
ous investigators. There is practical unanimity in the statement
that annealing reduces the fatigue strength.

The results on Steel No. 51 contradict the results previously
.found by Moore and Putnam.* Although they did not continue the
“tests to a sufficiently high number of cycles of stress to determine the
endurance limit, yet their curves show clearly that cold stretching
reduces the strength in fatigue.

There is a possible explanation for the contradiction. Moore
and Putnam used flat fatigue specimens prepared for the Upton-
Lewis reversed-bending maehine. The specimens were cold stretched
and then tested without having the surface finished in any way. In
the present tests the material was cold stretched, then the rotating-
beam specimens had their diameter reduced by the standard radius
of 9.85 inches from 0.48 and 0.44 inch to 0.30 inch, and the surface
was given the standard polish. It is believed that the removal of
the outside material and the polishing of the surface account for the
difference. It is well known that a specimen stretched beyond its
yield point has its surface roughened, and it is highly probable that
this surface is a source of weakness in fatigue in that it is probably
covered with minute cracks which are nueclei for the spreading of
structural damage.

20. Effect of Shape of Specimen on Endurance.—One of the
factors known to influence the endurance of a metal under repeated
stress is a sudden change in cross-section. Stanton and Bairstowt
have shown that specimens with Whitworth serew threads, and also
those with square shoulders plus a small fillet, suffer a reduction in

*Am, Inst. of Mining Engrs., 1919, p. 401.
f Inst. of Civil Engrs. (British), Vol. OLXVI, IV, p. 78, 1905-6.
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endurance strength of about 30 per cent for hard steel, for soft steel,
and for wrought iron, while specimens with square shoulders suffer
a reduction of about 50 per cent for hard steels and from 35 to 45
per cent for mild steels and for wrought iron. KEden, Rose, and
Cunningham* found that a sharp V-notch reduced the endurance
strength of bright drawn mild steel about 25 per cent. Square
shoulders reduced the strength of both hard and soft steels by 40
per cent, while keyways at flange couplings reduced the strength
of steel by 50 per cent, and the strength of wrought iron by 23 per
cent. Wohlert found in some tests on axle steel stressed from zero
to a maximum in repeated tension that specimens with square shoul-
ders as compared with specimens having well-rounded shoulders had
their strength reduced about 37 per cent. On rotating-beam speci-
mens of wrought iron the reduction of strength due to square shoul-
ders ranged from 11 to 22 per cent.

In the present investigation some tests were run on the effect
of shape of specimen on fatigue strength, especially on the effect of
radius of fillet. Steel No. 10 (0.49 carbon) in the sorbitic condition
was used in making the first series of these special tests. The shapes
of the specimens are shown in Fig. 39, the cross-section being re-
duced by a 9.85-inch radius, by a 1-inch radius, by a 14-inch radius,
by square shoulders, and by a 90 deg. V-noteh, respectively. In each
case enough specimens were tested to determine the endurance limit
quite definitely.

Fig. 28 shows the S-N curves for these tests. Fig. 26 should
also be consulted because it gives the S-N curve for the 0.49 carbon
steel when finished with a standard radius of 9.85 inches. It should
be explained that the material used for these tests was heat treated
in two batches, and it was observed that the specimens from the first
batch gave an endurance limit of about 50 500 pounds per square
inch (for specimens with standard surface finish); while specimens
from the second batch gave an endurance limit of about 48 000 pounds
per square inch. The specimens with 14-inch radius and most of
the specimens with square shoulders were from the first bateh, while
the specimens with 1-inch radius and those with the V-notch were
from the second batech. The results shown for the standard specimen

*Inst. of Mech. Engrs. (British), 1911, III-IV, p. 839.
T Engineering (London), Vol. XI, 1871.
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in KFig. 26 are from both batches. Specimens with a 1-inch radius
are evidently almost as good in resisting fatigue as those with a 9.85-
inch radius. The 14-inch radius shows a reduction in endurance
limit as compared with the 9.85-inch radius of about 8 per cent;
the square shoulders show a reduction in fatigue strength of about
51 per cent; and the V-notch a reduction of about 60 per cent.

Fig. 28 shows some effects of shape of specimen using Steel No. 9,
0.02 carbon, a very ductile steel. FKig. 26 shows the results for this
steel with the standard specimen. For the specimens with 1/4-inch
radius the endurance limit is reduced about 15 per cent, and for
specimens with square shoulders, about 48 per cent.

The results on specimens of 0.02 carbon steel together with the
results on specimens of 0.49 carbon steel indicate that the percent-
age of reduction of endurance limit due to the effect of abrupt change
of section is about the same for the two steels.
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These results indicate the importance of avoiding abrupt changes
of section in members of machines which are to be subjected to re-
peated stresses. Whenever a change of section is necessary generous
fillets should be provided at all shoulders.

A further factor in the effect of form of specimen which might
well be the subject of investigation is the effect of a fillet with a
given radius with various ratios of maximum diameter of shaft to
reduced diameter.

21. Effect of Surface Finish.—The condition of the surface of
a specimen has been shown to have a considerable influence on its
fatigue strength. Eden, Rose, and Cunningham* found that polished
specimens of mild steel which had their surfaces scratched with an
ordinary sewing needle suffered an appreciable reduction in fatigue
strength. Specimens of Bessemer steel with a turned surface showed
a fatigue strength about 18 per cent lower than specimens of the
same material which had been turned and polished. Sonderickert
found that a rotating-beam specimen of soft steel with a groove 0.003
inch deep, cut with a diamond point, had its fatigue strength re-
duced by 40 per cent. In some tests in which annealed cold-rolled
steel was stressed in reverse bending beyond the yield point, Kom-
mers} found that specimens which had been turned in a lathe and
specimens which had been turned and then filed had their endurance
reduced 30 and 18 per cent respectively, as compared with specimens
which had been turned, filed, and polished. In the last named tests

endurance was measured by the number of cycles of stress before
rupture.

In order to study the effect of surface finish on the endurance
strength of steel, five different series of specimens were prepared.
Steel No. 10, 0.49 carbon sorbitic, was used for the first series.

The five degrees of finish were: first, the standard finish, made
with No. 0 and No. 00 emery cloth; second, a high polish in which,
after using No. 0 and No. 00 emery cloth, the specimens were polished
with emery papers Nos. 1, 0, and 000, and finally with rouge and
broadecloth, a microscope with a magnification of 100 diameters being

*Inst. of Mech. Engrs. (British), 1911, ITI-IV, p. 839.
t Tech. Quart. (Boston), March, 1899.
¥ Proc. Int. Assn. for Test. Materials, 1912, Art. V4a.



(a) Rough Turned Finish (b) Smooth Turned Finish

(¢) Ground Finish (d) Standard Finish

(e) Rouge Finish

Frg. 40. MICROGRAPHS OF SURFACE FINISH
Magnification 30 diameters



F1g. 41. MICROGRAPH OF SURFACE OF ROUGE-FINISHED SPECIMEN

Magnification 100 diameters
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used to make sure that all scratches were removed; third, a ground
finish obtained with a grinding wheel; fourth, a smooth-turned finish
with a lathe tool; and fifth, a rough-turned finish with a lathe tool.
Fig. 40 shows the photographs, under a magnification of 30 diame-
ters, of the five degrees of finish. Fig. 41 shows the rouge finish
under a magnification of 100 diameters, and indicates the degree to
which the very fine scratches were removed.

Fig. 29 shows the S-N diagrams obtained with four of these
series. F'ig. 26 should be consulted also, since it shows the results
obtained with the standard finish. As was the case with the tests
discussed in Section 20, the material for the first series was taken
from two batches of steel, heat treated at two different times. The
first batch showed an endurance limit of about 50 500 pounds per
square inch and the second batech an endurance limit of about 48 000
pounds per square inch. The rouge-finish specimens were taken from
the first batch, the rough-turned were taken from the second batch,
while the ground and the smooth-turned were taken from both
batches, as were the specimens with standard finish.

The S-N curves make it clear that the rouge finish is probably
slightly better than the standard finish in withstanding fatigue. The
ground-finish endurance limit is slightly lower than the standard-
finish, and the smooth-turned and rough-turned fall below the ground-
finish in the order named. The rough-turned finish, the weakest,
has an endurance limit about 18 per cent lower than the rouge finish.

There is so little difference between the rouge finish and the
standard finish, especially in view of the fact that a number of the
standard-finish specimens of the first batch ran out to 10 000 000
eyeles of stress without failure at a unit stress of slightly over 50 000
pounds per square inch, that it is felt that the use of the standard
finish is fully justified. The rouge finish was of course very expen-
sive and time consuming, and is difficult to maintain free from cor-
rosion ; therefore it is not considered practical.

Fig. 29 shows some results of the effect of surface finish on speci-
mens of Steel No. 9, 0.02 carbon, a very soft steel. The endurance
limit for the rough-turned specimens seems to be slightly less than
for the smooth-turned. The reduction in endurance limit of the
turned specimens as compared with specimens with standard finish
(see Fig. 26) ranges from 8 to 12 per cent.
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Comparing the results of tests on specimens of 0.02 carbon steel
with specimens of 0.49 carbon steel, sorbitic, it is seen that the per-
centage reduction in endurance limit due to smooth turning and to
rough turning, as compared with the standard finish, is about the
same for the two steels.

The results of this study make it clear that the finish of a ma-
chine member subjected to fatigue may have an appreciable effect
on its endurance strength. It also appears that fine grinding would
probably be satisfactory as a commercial finish.

22. Effect of Overstress—From the standpoint of Bauschinger’s
theory regarding failure due to fatigue, and also from the fact that
in practice many machine members subjected to fatigue are occa-
sionally overstressed, it seemed desirable to determine whether stress-
ing a material above its endurance limit for a certain number of
eycles and subsequently testing it in fatigue in the usual manner
would result in any change in the endurance limit.

The material used in this study for the first series of tests was
Steel No. 10, 0.49 carbon, sorbitic.

Six different combinations of overstress and number of cycles
were used. The endurance limit of the material having been de-
termined in the standard manner (See Fig. 26), about 12 speciméns
were subjected to 5000 cycles of stress, the unit stress used being
10 per cent higher than the endurance limit previously determined.
After this treatment the specimens were tested in the usual manner
with varying stresses to determine whether the endurance limit
would now be different. In the same manner other series of speci-
mens were tested with 20, 29, 29, 35, and 38 per cent of overstress,
the number of cycles of applied overstress being 5000, 5000, 1000,
1000, and 100 respectively.

The material for these tests, just as was the case in the previous
section, was taken from two batches of steel heat treated at two dif-
ferent times. The first batch showed an endurance limit of about
50 000 pounds per square inch and the second batch one of about
48 000 pounds per square inch. The specimens subjected to 10, 20,
and 38 per cent overstress were taken from the first bateh of steel,
and the caleulation in per cent of their endurance limits is based
upon an endurance limit of 50 500 pounds per square inch. Those
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subjected to 29 and 35 per cent overstress were taken from the second
batch, and the percentage calculation is based on 48 000 pounds per
square inch. The specimens with 10, 20, and 29 per cent overstress
were subjected to 5000 cycles of overstress at 1500 revolutions per
minute, the specimens with 35 per cent overstress, and one set of the
29 per cent overstress specimens to 1000 cycles at 1500 revolutions
per minute, and the specimens with 38 per cent overstress to 100
cyeles applied slowly by hand.

Fig. 30 shows the S-N curves obtained from these experiments.
Fig. 26 should also be consulted since it shows the curve obtained
for this material when there was no overstress. It is evident from
the curves that 10 per cent and 20 per cent overstress applied 5000
times, 29 per cent overstress applied 1000 times, and 38 per cent
overstress applied 100 times do not appreciably reduce the endur-
ance limit. On the other hand, 35 per cent overstress applied 1000
times reduces the endurance limit about 4 per cent, while 29 per
cent overstress applied 5000 times reduces the endurance limit about
11 per cent.

These last two results illustrate clearly the effect that the num-
ber of cycles of applied overstress has on the percentage reduction
of endurance limit. Such a result is of course to be expected, be-
cause it is evident that if the higher stress were continued it would
make the specimen fail at a stress on the sloping part of the diagram
in Fig. 26. Since, however, this higher stress is not continued up
to complete failure, it seems obvious that a smaller stress would take
fewer cycles to cause failure than would normally be the case had
there been no overstress. A few calculations indicate that the amount
which the endurance limit is reduced in any case depends upon the
ratio of the number of cycles of overstress to the total number of
cycles of this stress which would cause failure.

" The results for the specimens with 20 and 38 per cent overstress
indicate that a machine member can withstand a considerable per-
centage of overstress without damage if that overstress is applied
only a comparatively small number of times, and if the overload is
not severe enough to make actual dents or nicks in the surface at
points of localized pressure.

Fig. 31 shows some effects of overstress on specimens of steel
No. 1, 1.20 carbon, sorbitie, sub)ected to a stress 20 per cent above
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the normal endurance limit; in one case 5000 cycles of overstress
were applied, and in the other case 10000 cycles. The endurance
limit seems to be slightly lower for the specimens subjected to 10 000
cycles of overstress than for the specimens subjected to 5000 eycles,
and the reduction of endurance limit of the overstressed specimens
as compared with material not subjected to overstress ranges from
12 to 14 per cent. Fig. 24, which gives the results for this material
not subjected to overstress, should be consulted for comparison.

Comparing the results for 5000 cycles with 20 per cent over-
stress for the 0.49 carbon steel, sorbitic, and the 1.20 carbon steel,
sorbitie, it is evident that the effect of overstress in reducing the
endurance limit is more serious for the 1.20 carbon steel than for the
0.49 carbon steel. P

The three studies of shape, surface finish, and overstress give a
good idea of the relative seriousness of their effects in reducing the
endurance limit. The maximum reduction noted in the overstress
experiments was 14 per cent, that in the surface finish experiments
was 18 per cent, while that in the experiments on shape was 60 per
cent. While both overstress applied for a short time and poor sur-
face finish reduce the endurance limit, the most serious reduction
results from sudden changes in cross-section, especially in the case
of machine members having square shoulders and sharp notches any-
where in their length.

Overloading a machine part may be accompanied by the forma-
tion of grooves and deep scratches due to wear, and these grooves
and scratches may have a greater influence in reducing strength under

repeated stress than the direct effect of the nominal overstress accom-
panying the overload.

23. Theories of Nature of Fatigue of Metals.— One theory of
the nature of the fatigue of metals is the ‘‘crystallization’’ theory
which had its origin in a study of the fractured surfaces of machine
parts that had failed under repeated stress. These surfaces, even
for soft material like wrought iron, appeared jagged and erystalline.
This theory implied that under the action of repeated stress the in-
ternal structure of a metal changed from fibrous to crystalline, and
that different metals varied in their resistance to this change.
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By the use of the microscope all metals are seen to be of a crys-
talline structure under all service conditions, and no evidence of
appreciable change of structure can be observed in a metal sub-
jected to repeated stress. There does appear to be a breaking down
of crystals as indicated by the formation of minute eracks or ‘‘slip
bands’’ extending across the erystal. The erystallization theory has
been practically abandoned.

A second theory was that advanced by the distinguished German
investigator, Bauschinger,* that, under stress varying from zero to
a maximum, it is possible for metals to acquire new elastic limits
which for this range of stress may lie anywhere between the original
proportional elastic limit and the yield point, and may in some cases
even exceed the yield point. These new elastic limits, or ‘‘natural’’
elastic limits, as he called them, depend upon the number of cycles
of stress to which the material is subjected, being higher for the
greater number of cycles. For stresses within this natural elastic
limit the metal is assumed to possess indefinite endurance, and he
found experimentally that specimens under stresses varying from
zero to a maximum would withstand several million repetitions of
stress without failure. He did not, however, make any long-time
tests under reversed stress. Bauschinger’s theory does not imply
a change of the crystalline structure but does imply some change in
the inherent nature of the material.

The writers have seen very few published experimental results
in which it was attempted to apply Bauschinger’s theory to reversed
stresses. Stanton and Bairstowt mention three specimens which had
withstood 1000 000 cyecles of stress without failure and which were
subsequently tested to determine their elastic limits. These speci-
mens had been subjected to direct stress in which the ratio of tension
to compression was 1.4 to 1. The results showed that in each case
the new elastic limit was practically equal to the highest tension and
compression which had previously been applied, although these new

limits were very much lower than the original or ‘‘primitive’’ elastic
limits.

** Mittheilungen des Mechanisch-technischen Laboratoriums” der kgl. Techn. Hochschule,
Miinchen, heft 13;

Dingler’s Journal, Bd. 224;

Unwin, “The Testing of the Materials of Construction.” 1910 edition, Chap. XVT.
T Inst. of Civil Engrs. (British), Vol. CLXVI, TV, p. 78, 1905-6.
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Popplewell* determined the natural elastic limits by only 10
cycles of reversed direct stress and then attempted to check these
values by rotating-beam tests. His natural elastic limits were lower
than the primitive elastic limits, and the endurance limits from the
rotating-beam tests were about equal to the primitive elastic limits.
It seems to the writers that the check tests should have been made
with a direct-stress machine instead of a rotating-beam, and it also
seems questionable whether 10 cycles of stress would be enough to
develop Bauschinger’s natural elastic limits.

A series of tests to throw light on this matter is disecussed in
Section 36, ‘‘ Effect of Repeated Understressing.’’

A third theory has been suggested by various investigators, and
was developed by the writers, who afterwards found that it had been
previously elaborated by Gilchrist.t "This theory, while not directly
contradictory to that of Bauschinger, presents a different picture of
the mechanism of fatigue failure.

In discussing Wahler’s results Gilchrist has stated this theory
as follows:

‘(1) The average stress in the bars broken in Wghler’s machines did
not reach the statical breaking load.

‘“(2) The fracture was caused by the statical breaking limit being ex-
ceeded at one point only, from which, when once started, rupture spread, at
first rapidly, then more slowly, sometimes continuing to complete separation of
the two parts of the bar, but oceasionally stopping short of complete rupture.

“¢(3) The raising of the stress at the point where fracture commenced
was due to an irregularity in the bar. This might be an irregularity or dis-
continuity in the metal, either on the surface or in the body of the bar.}

‘“(4) A bar of uniform strength whose surface was perfectly smooth,
with no sharp corners in the longitudinal configuration and the structure of
which was perfectly homogeneous would endure, without breaking, an indefinite
number of repetitions of a stress varying between zero and a value near to the

breaking strength.

*Inst. of Civil Engrs. (British), Vol. CXCVII, ITI, p. 264, 1913-14.

T The Engineer (London), Vol. 90, p. 203.

1 The frequent occurrence of high localized stress which is usually overlooked in using
the ordinary methods of computation is strikingly demonstrated by the mathematical work
of Inglis and others, and by the experimental work of Coker and Preuss. See:

Trans. Inst. of Naval Architects (British), Vol. LV, Part I, p. 219, 1913;

Engineering, London, April 21, 1911, and March 8, 1912;

Zeit. des Ver. Deut. Ing., 1913, Part 1, p. 664;

“Johnson’s Materials of Construction.” Fifth Edition, p. 663.
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“¢(5) A bar similar to that under (4) could, under certain conditions,
endure an indefinite number of repetitions of a load varying between tension
and compression of equal values both beyond the ordinary primitive elastic
limits.’’ . :

The writers agree in general with the foregoing statements, but,
on account of the fact that a perfectly homogeneous material is not
likely to be found for engineering purposes, they believe that the
limitations of statement (4) as applied to ordinary metals should
be set forth for the sake of clearness. It appears to them that the
practical limit even for the case of stress varying from zero to a
maximum will be the yield point of the material.

This theory may be called the theory of non-homogeneity or
of localized stress. The effect of external non-homogeneity due to
seratches, tool marks, square shoulders, and notches is well known
and is discussed in another section of this bulletin. Internal non-
homogeneity may be due to blow-holes, pipes, inclusion of slag, ir-
regularity of crystalline structure on account of the presence of two
or more constituents of varying strength, variation in orientation
of erystals, or the presence of initial stresses caused by mechanical
working or heat treatment. Owing to the minute area over which it
exists, this localized stress produces no appreciable effect under a
single load, but under load repeated many times there is started
from this area a microscopic crack, at the root of which there exists
high localized stress which under repetition of stress spreads until
it finally causes failure.

The writers do not look upon these fatigue failures as being due
necessarily to accidental flaws or irregularities. Such failures may,
in practice, often be due to such causes, but the definiteness of the
endurance limits found in the present tests points to the conclusion
that the endurance limit is a property of the material just as much as
the ultimate strength. Tf in these tests the failure is due to flaws,
then it is believed that these flaws are an inherent part of the struec-
ture of the particular steel which is being tested.

As evidence supporting this theory the following facts are given :

(1) In the case of material of homogeneous structure, such
as a specimen of 0.02 carbon steel, which is almost pure ferrite, or
a specimen of 0.93 carbon steel, which is almost pure pearlite, it is
found possible to develop an endurance strength nearly or quite
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equal to the primitive elastic limit. This is a direct verification of
(5) in Gilchrist’s theory.

(2) In the case of steels composed of a mixture of ferrite and
pearlite the endurance limit is found below the primitive elastic
limit, indicating to the writers’ minds a progressive failure, first of
the weaker constituent, then of the stronger.*

(3) Mathematical analysis, special measurement of stress dis-
tribution, and repeated-stress tests of specimens with notches and
specimens with rough surface finish all indicate how important me-
chanical imperfections in surface may be in increasing localized
stress and hence in reducing fatigue strength. There would seem
to be no reason for doubting that internal non-homogeneity produces
a similar effect.

The actual mechanism of fatigue failure has not been studied
for a great variety of steel structures. It is known that in the softer
steels the failure seems to be due to the production of slip bands
(see Appendix B) which finally develop into cracks. For a very
homogeneous material like 0.02 carbon steel it seems probable that
a certain unit stress will be sufficient to cause slipping in the gliding
planes of the crystals. Thereafter, the adjacent material will begin
to slip under succeeding repetitions of stress until all the other
material has yielded the same amount. This action will continue
until the first material has reached the ultimate strength and actually
opened up a crack. From then on the action will be rapid and failure
will oceur soon.

Just what happens in a material like the chrome-nickel, treat-
ment A, in which the endurance limit is very much below the pro-
portional elastic limit is not altogether clear. Tt is likely that non-

homogeneity and especially the presence of internal stresses play an
important part.

*TIt should be borne in mind that localized weakness may be caused by strains due to
heat treatment as well as by non-uniformity of metallographic structure. Tests reported
verbally by D. J. McAdam, of the U. S. Naval Academy Eng. Exp. Sta., indicate that
thorough annealing as well as homogeneity of structure seems to be effective in giving a
high ratio of endurance limit to proportional elastic limit. This is further confirmed by
test results on annealed steel of various carbon contents as shown by Fig. 44 and Table 10.
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V. “Rise or TEMPERATURE’’ METHOD OF DETERMINING

ExpUrRANCE LimiT

By W. J. PurNam and J. W. HarscH®

24. Thermal Phenomena in Metals Under Stress—The de-
termination of endurance limit by the actual application of repeated
stress, by a test on a rotating-beam testing machine, for example,
requires so much time that it is not a practical commercial test and
various other methods have been tried, such as the examination of
the hysteresis loop, magnetic exploration, and calorimetric determi-
nation.

The fact was first mentioned by Lord Kelvint in 1855 that a
material subjected to stress within its ordinary static elastic limit
is subject to a change of temperature, cooling if in tension, and heat-
ing if in compression. Since that time Turner,i Rasch{, and Capp
and Lawson§ have made use of this thermal change as a method of
determining the elastic limit in tension, defining it as the least stress
at which the temperature of the specimen begins to rise.

In 1913 C. E. Stromeyer** tried the method of determining the
fatigue limit under alternating stress conditions by means of the heat
generated due to inelastic action. He located the endurance limit
at that minimum alternating stress which after a few hundred rapid
repetitions will just generate heat in the test pieces. His determina-
tions of heat were made by sensitive mercury thermometers immersed
in a steady stream of water just before and just after it had flowed

*Professor W. J. Putnam of the Department of Theoretical and Applied Mechanics of
the University of Illinois, and J. W. Harsch, Metallurgist with the Investizgation of the
Fatigue of Metals. Professor Putnam was responsible for the preliminary development of
the apparatus and methods of testing, and Mr. Harsch developed the present form of ap-
paratus used, and carried out the ‘“rise of temperature” tests made in connection with this
investigation.

1 Quart. Math. Journal, 1855.

fTrans. Am. Soec. of Civil Engrs., Jan., 1902,
i Proc. Int. Assn. for Test. Materials, Art. VII, 1909,
§ Proc. Int. Assn. for Test. Materials, Art. IX8, 1912,

** Memorandum of the Chief Engineer of the Manchester (England) Steam Users Asso-
ciation, 1913. See also Engineering, London, June 19, 1914,
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over the test piece, and he disregarded differences of temperature of
less than 0.02 degree C. This method involves the determination
of the quantity of heat generated, and the difference in temperature
of the entering and leaving stream depends on the rate of flow. The
work of Stromeyer was, however, incomplete, inasmuch as the actual
fatigue tests carried out to check the calorimetrically determined
endurance limits were for the most part carried to less than one
million repetitions of stress.*

25. Apparatus—The ‘‘rise of temperature’’ machine, Figs.
42(a) and 42(b), used in the present series of tests was designed to
test the regular 13-inch, rotating-beam specimen, Fig. 18, and to
produce the same type of stress as that produced in the rotating-
beam machine used for the main series of tests described in this bul-
letin. As shown in Fig. 42(a), the specimen § is held horizontally
in V-noteh grips, A. The load is applied on a ball bearing, B, at
the end of the specimen, the bearing being heat-insulated from the
specimen by a fiber collar 1/16 inch thick. The machine is also heat-
insulated from the base at points E and F to prevent heat traveling
from the bearings through the base to the specimen. The load on
the specimen is measured by reading the deflection of the Ames
dial, C, a load-deflection curve for the specimen having been previ-
ously obtained by recording a set of loads and corresponding de-
flection readings. The load can be varied by an adjusting serew, D,
in the head of the machine. A thermo-couple cannot be readily
attached to a rotating specimen, and it will be noted that the machine
is s0 designed that the specimen does not turn, but that the head of
the machine rotates. The left-hand end of the specimen is thus
moved in a circle concentric with its axis, the radius of the circle
being that deflection corresponding to the desired stress.

After considering various methods of temperature measurement
it was decided to measure the temperature change of the test piece
itself, and it was first attempted to measure change of temperature
by measuring the change in resistance of small coils of copper wire

*Since the preparation of the manuscript for this bulletin there has been reported a
series of tests in the British National Physical Laboratory in which the ‘‘rise of temperature’’
test is shown to give a fairly accurate measure of the endurance limit. A special short-time
deflection test is also recommended for determining the endurance limit. The tests were made

by H. J. Gough and were reported in “The Engineer” (London), Aug. 12, 1921, and an
abstract appears in ‘‘Mechanical Engineering”’ for October, 1921.
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held direetly against the specimen.  One coil was attached at the
section of greatest stress and the other to the unstressed portion of
the specimen just beyond the holding clamp, thus neutralizing the
effect of any change in temperature of the machine. The coils hav-
ing been balanced on a Wheatstone.slide-wire bridge, any change in
temperature would unbalance the system by an amount which, as
indicated by the galvanometer, would denote the amount of change
in temperature. The unbalancing, however, changed the amount of
current flowing through each coil and therefore caused an added
change in temperature of the coils. Then, too, the coils were so deli-
cate that the repeated handling and the slight friction to which they
were subjected soon destroyed the insulation on the wires.

Differential copper-constantan thermo-couples made from No. 30
B and S gage wire were then used. These were attached in locations
corresponding to those used for the resistance coils, the one, K, at
the section® of greatest stress being tightly taped against the steel,
and the other, L, separated from the steel by a single layer of thin
paper. This arrangement proved very satisfactory and calibration
showed it to be sensitive to 0.003 degree C. The couples were con-
nected in series with a Leeds and Northrup, Type H, D’Arsonval
galvanometer, shown in Fig. 42(b). When the couples were at
the same temperature no deflection was shown, but when either
varied in temperature from the other a corresponding deflection
oceurred.

26. Materials=—By the rise of temperature method several
steels in the general series were tested, thus checking the reliability
of this method since the endurance limit of each steel was definitely
known from long-time tests, and the series covered a wide range.
Duplicate and triplicate tests were made on several of the steels to
ascertain the reliability with which the endurance limit could be
determined, and the results thus obtained were well within the limits
of the precision of stress adjustment.

27. Tests—The test finally adopted as a standard consists in
running the machine for 30 seconds at a speed of 1000 revolutions
per minute.at a known stress and recording the maximum deflec-
tion of the galvanometer. Then, with a series of such readings cor-
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responding to a series of stresses, a curve is plotted to show the in-
crease in temperature with increase of stress. The point at which
the curve shows a sharp break corresponds to the endurance limit.
Typical curves are shown in Fig. 43. In the cases of carbon steels
with sorbitie structures and in the case of alloy steels it was found
necessary to increase the time of the run, at each stress, from 30
seconds to 2 minutes, since these materials are slower in heating
under stress.

28. Results and Discussion.—Endurance limits determined by
the rise of temperature tests are shown in Table 8. Besides the

TABLE 8

ComMpPARISON oF ENDURANCE LimiTr Founp By RorATiNG-BEAM TESTS WiTH
TuaaT Founp BY ‘‘Rise or TEMPERATURE’ TESTS

Endurance Limit, Ib. per sq. in.
No. STEEL  fiiag:
" “Rise of
Rotating-beam | Temperature’
est Test

1 L1120 earbon, normalised . o 0 i8I e 00 S o 50 000 43 000
Rorhitfons de it o s Bl Sepa SR T 92 000 88 000
3 1|10:562 carbon, normalifed [ i il s sigs - bl uis sk stals 42 000 41 500
[ A e TS e S 55 000 53 000
47,1'0:87 carbon, NOEMAlEed . .. (i wsisisrats < amfie 2o sinien v o 33 000 31 000
sorbitic, treatment B.................... 45 000 49 000
5 | Chrome-nickel, treatment A......................... 68 000 66 000
s rg e oy LA L S S O 65 000 65 000
REOMEIMBEE L 55, Ly« sopiaiitl sheny 67 000 70 000
6. 110.98 earbon; pearlitic. .ol L R b s A D e 30 500 28 500
BOP DIt 10 e o o e e s I L 56 000 53 000
troostitic. o 98 000 90 000
7 | 3.5 nickel, treatment B 63 000 62 500
9 [0.02 carbon, as receive 26 000 26 000
10 | 0.49 carbon, sorbitic. .. 48 000 48 000
50 | Cold-drawn, as received. .. 41 000 41 500
annealed at 1300° F.. .. 29 000 27 500
51 | Hot-rolled, 0.18 carbon, as received............ il 28 000 | 27 000
reduced t0 0.48in............. 35 000 | 38 500
reduced to 0.44in............. 41 000 | 40 500

9 |0.02 carbon, tested on Olsen-Foster reversed-torsion
MAGHING s ., 0ol a0 12 500 13 000

tested on Upton-Lewis reversed-bending
T S N T ‘ 23 000 27 000

values obtained on the special machine there is also included a value
for 0.02 carbon steel in torsion and a value in reversed bending.
These values were taken from specimens tested in the Qlsen-Foster
reversed-torsion and Upton-Lewis reversed-bending machines respec-
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Fi6. 43. REPRESENTATIVE DIAGRAMS FOR ‘‘RISE oF TEMPERATURE’’ TESTS
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tively, with thermo-couples attached to the specimen. Table 8 also
contains for the purpose of comparison the values of endurance
limits as determined in the rotating-beam machine and in the tem-
perature machine. This comparison is shown diagramatically in
Fig. 37.

There is a reasonably close coincidence between the endurance
limits given by the long-time rotating-beam tests and those given by
the temperature tests.

The method of determining the endurance limit from the curve
obtained in a temperature test is shown in Fig. 43. The endurance
limit is taken at the point shown by the intersection of the lines.
The curves in this figure are typical. Most of the curves show a
slight break considerably below the endurance limit. It is probable
that there is at this point a very slight incipient damage in some
weaker constituent, but that the load is still sustained by the stronger
constituent and, as shown by actual tests, no failure results until
the higher stress is reached. This first break decreases in amount
with an increase of the carbon content in the normalized steels, and
is also smaller when the steel has been given such heat treatment
as to produce a sorbitic structure. It would seem that this first
break may depend upon some property of the ferrite crystal and
S0 may decrease in sharpness with a decrease in percentage of fer-
rite and with a more complete dispersion of cementite, such as oc-
curs in sorbite. This is well shown by the curves in Fig. 43, since
these curves represent steels which cover a wide range of carbon
content and also show two different heat treatments.

It may be possible that this first break indicates the absolute
endurance limit, i. e., the stress under which the material will with-
stand an infinite number of repetitions. This of course cannot be
checked by actual applications of stress, but it is not impossible
to conceive that, at the endurance limit determined by tests to
100 000 000 repetitions, the curve may still have a very slight down-
ward trend, which, if the tests were carried to billions of repetitions,
might bring the endurance limit to the value shown by the first
break of the temperature curve. The characteristic curves also show
a very slight but gradual increase in temperature with increase of
stress below the endurance limit.
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It is believed that a machine of this type, especially in conjunc-
tion with two or three rotating-beam machines, is a good piece of
equipment for the average college or commercial laboratory, and
that with such equipment the time and expense of fatigue investi-
gations or commercial routine fatigue tests would be very materially
lessened. With such equipment, using the temperature machine for
a preliminary test, and the rotating-beam machine to obtain check
results, it would be quite possible to determine endurance limits
with a fair degree of accuracy within a few hours.

Problems worthy of further investigation include:

(1) An application of the principle of temperature meas-
urement to a direct tension-compression fatigue machine and
the determination of endurance limits under such stress.

(2) A more complete investigation of the first break in
the eurves by the use of more sensitive couples.

(83) A study of non-ferrous materials.
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VI. Sunjsects ForR FURTHER INVESTIGATION

29. Effect of Repetition of Stress Not Reversed.—The repeated-
stress tests deseribed in this bulletin have all involved complete
reversal of stress. This is the severest type of repeated stress and
is quite common in practice. It is, however, evident that many
machine parts are subjected to varying stresses in which the varia-
tion does not involve a complete reversal. For example, stresses in
a railroad rail vary from a maximum in one direction to a stress
in the other direction of about one-quarter the magnitude of the
maximum stress; chains are subjected to stresses varying from zero
to a maximum. Comparatively little work has been done on the
study of the effect of range of stress. In general it is estimated
that a material which will withstand a completely reversed stress,
S,, will withstand a stress of one kind only varying from zero to a
maximum of §, equal to about 1.5 times the magnitude of §,, and
that values between these limits may be obtdined by interpolation.

Tests to determine the effect of range of stress are much needed,
and in connection with the present investigation a machine has been
designed and preliminary tests have been made under repeated
stresses not completely reversed.

30. Tests on Other Ferrous Metals—The tests recorded in this
bulletin constitute a reconnaissance in the field of ferrous metals ;
they by no means constitute a complete study. Many other kinds
of ferrous metals could well be studied, especially alloy steels, of
which only two have been studied. Vanadium steels, molybdenum
steels, and possibly tungsten and manganese steels at once suggest
themselves Methods developed in this investigation, especially the

‘rise-of-temperature’’ test, may be expected to shorten greatly the
time required for determining endurance limits.

31. Tests on Non-Ferrous Metals.—This investigation in its
first stages was definitely limited to the ferrous metals. The study
should be extended to the non-ferrous metals—to brasses, bronzes,
copper, aluminum, aluminum alloys, and possibly magnesium alloys.
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Some tests on these metals have been made at commercial and gov-
ernment laboratories, but the data available are insufficient for draw-
ing even tentative conclusiens. Some experimental evidence tends
to show that a higher number of repetitions of stress is necessary
to develop the endurance limit for non-ferrous metals than for iron
and steel.

32. Effect of Heat Treatment.—In the tests recorded in this
bulletin, materials have been tested with various heat treatments.
The object of variation was to produce certain characteristic struec-
tures in the metals. For many of the metals a much more detailed
study of the effect of heat treatment on resistance to repeated stress
should be made. It has been found in certain cases that the heat
treatment which gives maximum static strength will not give maxi-
mum resistance to repeated stress, and many more tests should be
made along this line. It is evident that the careful determination
of the heat treatment which will give maximum resistance to re-
peated stress for any steel is a matter of great practical importance.
The development of a reliable accelerated test for the endurance
limit, such as the ‘‘rise of temperature’’ test, will greatly expedite
such a study of heat treatments for ferrous metals.

33. Direct Tension-Compression Tests—Under a bending stress
only the outside fibers receive the maximum stress while the inside
fibers of the specimens have a lower stress. A series of tests in which
some specimens are subjected to direct tension and compression, while
others are subjected to reversed bending should throw considerable
light on the importance of the resisting ability of the understressed
fibers of flexural members. A machine for producing repeated alter-
nations of direct tension and compression has been designed and con-
structed and is being calibrated and adjusted.

34. Strength Under Reversed Shearing Stress.—In this bulletin
test results are given for a few steels tested under reversed torsion
in the Olsen-Foster machine. These specimens have been subjected
to reversed shearing stress, and as pointed out in Section 15, ‘‘Some
Factors Influencing the Endurance Limit,”’ a ratio of endurance
limit in shear to that in reversed bending of about 0.52 is indicated.
Of late years it has become evident that shearing stress is frequently
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the cause of failure in material, and a much more complete study
of resistance to repeated shearing stress should be made. A machine
for producing and measuring repeated alternations of shearing stress
has been designed and constructed and is being adjusted and cali-
brated.

35. Study of Mechanism of Fatigue Failure—The work of
Ewing, Humphrey, Rosenhain,* and others on the development of
slip lines in metals under stress has done much to explain why
metals fail in fatigue. These experiments were generally made on
soft metals; similar studies should be made on metals in the heat-
treated condition, in order to examine the mechanism of fatigue
more in detail. In this connection a study of the actual path of
fracture in fatigue, with a microscope of high magnification, would
be valuable.

36. Effect of Repeated Understressing.—Incidental to the study
of overstressing in its effect on the endurance limit, discussed in
Section 22, a few results were obtained on the effect of subjecting
a specimen to a unit stress below the endurance limit and subse-
quently testing it at higher stresses. The few results observed in-
dicate that such understressing may be beneficial in increasing
resistance to fatigue, possibly by readjusting internal stress. Such
tests also have a direct bearing on Bauschinger’s theory of fatigue
failure.

A study is contemplated in which a series of specimens will be
stressed to, say, 10 per cent less than the endurance limit, for per-
haps 10000 cycles, and after this treatment subjected to various
stresses in the usual manner, to determine whether any change has
oceurred in the endurance limit. By making several series of tests,
using various percentages of understress, and with various numbers
of eycles from 10000 to perhaps 1000000, it will be possible to
determine the effect of such understressing on the resistance to fa-
tigue, and also the influence which the number of eycles of such
understressing has on the result.

37. Strength of Cast Metal Under Repeated Stress —The tests
recorded in this bulletin, and nearly all other tests under repeated

*Rosenhain, “Metallurgy; an Tntrodnctioh to the Study of Ph_\'sical Metallurgy."
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stress, have been made on rolled metal. The extensive use of steel
castings and of castings of non-ferrous metals for stress-resisting
parts makes some knowledge of the fatigue strength of such ma-
terials of importance. It is well known that the elastic strength
of castings is low as compared with the ultimate strength, but there
are no test results from which to judge whether this means that the
strength under repeated stress is also low. Tests on castings would
also give data concerning the effect of different crystalline structures
on the fatigue strength of metals, since cast metals usually have a
crystalline structure markedly different from rolled metals of the
same chemical composition.

38. Repawr by Heat Treatment of Structural Damage Due to
Repeated Stress—The question has often been raised whether a part
which had been subjected to many repetitions of stress, a car axle
after several years of service, for example, could be made ‘‘as good
as new’’ by annealing, possibly followed by heat treatment. So far
as is known no data exist on which to base an answer. An experi-
mental study of this problem would quite possibly be closely allied
to the study of the mechanism of fatigue failure. This general prob-
lem seems to be one of distinet importance.
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VII. CONCLUSIONS

39. Summary of Conclusions—The general conclusions to be
drawn from the results obtained in the investigation may be sum-
marized as follows:

(1) For the metals tested under reversed stress there was
observed a well-defined critical stress at which the relation be-
tween unit stress and the number of reversals necessary to cause
failure changed markedly. Below this critical stress the metals
withstood 100 000 000 reversals of stress, and, so far as can be
predicted from test results, would have withstood an indefinite
number of such reversals. The name endurance limit has been
given to this critical stress.

(2) In the reconnaissance tests made in the field of fer-
rous metals no simple relation was found between the endurance
limit and the ‘‘elastic limit,”” however determined. The ulti-
mate tensile strength seemed to be a better index of the endur-
ance limit under reversed stress than was the elastic limit. The
Brinell hardness test seemed to furnish a still better index of
the endurance limit. The reason why the Brinell test, and, to
a less degree, the ultimate tensile strength, seem to be better
indices of the endurance limit than the elastie limit is not clear,
and this result should be regarded as tentative. Rlastic limits
determined from compression tests and torsion tests gave no
better index than did those from tension tests.

(3) The single-blow impact tests (Charpy tests) and the
repeated-impact tests did not furnish a reliable index for the
endurance limit under reversed stress of the ferrous metals tested.

(4) Accelerated or short-time tests of metals under re-
peated stress, using high stresses and consequent small numbers
of repetitions to cause failure, are not reliable as indices of the
ability of metal to withstand millions of repetitions of low stress.

(56) The endurance limit for the ferrous metals tested
could be predicted with a good degree of accuracy by the meas-
urement of rise of temperature under reversed stress applied
for a few minutes. This relation is explicable in view of the
intererystalline and intraerystalline slippage under repeated
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stress shown by the microscope. It is believed that this test,
which is a development of a test proposed by Mr. C. E. Stro-
meyer, can be developed into a reliable commercial test of fer-
rous metals under repeated stress. Its applicability to non-
ferrous metals has not been investigated.

(6) Abrupt changes of outline of specimens subjected to
repeated stress greatly lowered their resistance. Cracks, nicks,
and grooves caused in machine parts by wear, by accidental blows,
by accidental heavy overload, or by improper heat treatment
may cause such abrupt change of outline. Shoulders with short-
radius fillets are a marked source of weakness.

(7) Poor surface finish on specimens subjected to re-
versed stress was found to be a source of weakness. This weak-
ness may be explained by the formation of cracks due to local-
ized stress at the bottom of seratches or tool marks.

(8) Stress above the endurance limits, due to either a
heavy overload applied a few times or a light overload applied
some thousands of times, was found to reduce somewhat the
enduranee limit .of two ferrous metals tested.

(9) In none of the ferrous metals tested did the endur-
ance limit under completely reversed stress fall below 36 per
cent of the ultimate tensile strength; for only one metal did it
fall below 40 per cent, while for several metals it was more than
50 per cent. However, these metals were to a high degree free
from inclusions or other internal defects; the specimens had no
abrupt changes of outline, and had a good surface finish.

(10) It is well known that subjecting steel to a stress be-
yond the yield point raises the static elastic tensile strength to
a marked degree. The effect is less marked on the endurance
limit, although some increase was observed for (.18 carbon steel
with the surface polished after being stretched well beyond the
yield point. Annealing of commercial cold-drawn screw stock
was found to lower its endurance limit somewhat less than it
did its static elastic strength.

(11) The test results herein reported indicate the effec-
tiveness of proper heat treatment in raising the endurance limit
of the ferrous metals tested. Here again it should be noted that
an increase in static elastic strength due to heat treatment is
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not a reliable index of increase of endurance limit under re-
versed stress.

(12) The phenomenon known as ‘‘fatigue’’ of metals un-
der repeated stress might better be called the ‘‘progressive fail-
ure’’ of metals. The most probable explanation seems to be
that such failure is a progressive spread of microscopic frac-
tures. A neucleus for damage may be a very small area of high,

- localized stress, due to a groove, a scratch, or a crack; in other

cases failure may be due to internal inclusions or irregularities
of structure; it may be due to internal stress remaining after
heat treatment; it may be due to a grain or group of grains
unfavorably placed to resist stress; or failure may begin in the
weaker grains of a metal whose structure consists of two or
more kinds of grains; or it may, of course, begin in any portion
of the metal which, by accidental overload or otherwise, is
stressed to the yield point.
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APPENDIX A

ComMrARISON oF ExpuraNcE TesTs BEYOND THE YIELD POINT WITH
ENDURANCE TESTS WITHIN THE YIELD Point*®

In connection with a course in graphic methods given at the
University of Wisconsin, use was made of some data from endurance
tests, and it was found that the deflections and corresponding cyecles
for rupture, obtained in tests involving stresses beyond the yield
point, plotted as a straight line on logarithmic paper.

The tests in question had been performed on a machine of spe-
cial design in which the specimen was gripped in the base of the
machine, the projecting end of the specimen being deflected back
and forth over a free length of 4 inches. By using various deflections
it was possible to determine a relation between the deflection of the
specimen and the number of eycles of stress necessary to cause rup-
ture. ,

The fact that this relation was represented by a straight line
when plotted on logarithimic paper suggested the possibility of ex-
tending the curve in order to show values of cycles for rupture at
deflections which were known to be within the elastic limit. By
this means it would be possible to get a relation between unit stress
and cyecles for rupture, because within the elastic limit the formula

connecting unit stress and deflection for a cantilever beam is
2

SL2 v .
= 3RO in which

D=deflection of the beam in inches,

S=unit stress in pounds per square inch in outer fiber, cor-
responding to maximum bending moment,

L=length, in inches, over which deflection takes place,

E —=modulus of elasticity of the beam material,

C'=distance, in inches, from the neutral axis of the beam to
the outer fiber.

The correctness of the method of extending the deflection-cycles

curve would depend upon whether the relation between deflection

*This appendix is based on former experimental work done by Professor Kommers,
mainly at the University of Wisconsin.
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and cyecles for rupture as found by tests beyond the yield point held
also within the yield point. If this proved to be the case, there
would be available a method of establishing the relation between any
unit stress within the elastic limit, and the number of cycles at this
stress which would cause failure. The practical value of this pro-
posed method would lie in the fact that the deflection-cycles curve
could be determined in a few hours, thus rendering unnecessary the
time-consuming methods ordinarily employed in establishing the re-
lation between unit stress and eycles for rupture.

In order to prove or disprove the correctness of the proposed
method it was decided to make tests on a series of three steels vary-
ing in carbon content, determining first the relation between deflec-
tion and cycles for rupture by tests beyond the yield point. The
resulting deflection-cycles curve, plotted on logarithmic paper, would
then be extended or extrapolated, and by means of the formula
connecting unit stress and deflection a relation between unit stress
within the elastic limit and eyeles for rupture would be determined.
A series of reversed-stress tests on a rotating-beam specimen would
then be made to determine by direct experiment the actual relation
existing. If these two methods gave the same value for the relation
between these quantities, it could be considered that the proposed
method was justified. '

Table 9 gives the chemical analysis of the material used in the
tests. It was received ‘in the form of 74-inch rounds. Steel No. 1
was annealed at 850 degrees C. for one half-hour, and steels Nos. 2
and 3 were annealed at 800 degrees C. for one half-hour. The ten-
sile strengths of the steels are given in Table 10.

TABLE 9

CHEMICAL ANALYSES OF STEELS FOR SPECIAL SERIES oF TESTS IN THE
WisconsiN RoraTiNG-BEAM TESTING MACHINE

Steel No. ' Carbon l Manganese ‘ Silicon ‘ Phosphorus } Sulphur
1 0.42 0.59 4 0.07 0.019 0.031
2 0.56 0.55 0.08 0.023 0.035
3 0.80 0.51 ’ 0.12 0.036
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TasLeE 10

Resurts oF TENsioN TESTS orF STEELS FOR SPECIAL SERIES OF TESTS
IN THE Wi1scoNsIN RoraTiNg-BEaMm TusTING MACHINE

Proportional Ultimate ! 1
Elastic Yield Tensile Elongation Reduction
Steel No. Limit Point Strength in 2-in. of Area
Ib. per sq. in. Ib. per gq. in. 1b. per sq. in. per cent per cent
1 38 900 40 000 75 500 32.5 49.3
2 40 300 45 300 87 200 27.0 35.6
3 47 800 53 300 110 300 11.0 | 11.2
|

Note: Each value is the average of two test results.

Figs. 5 and 6 show the Wisconsin machine used for making
the rotating-beam fatigue tests. The specimen, shown in Fig. 19,
is fixed into the shaft of the machine, concentric with it, by means
of nuts and set screws. The load on the specimen is applied through
a ball bearing by means of a spring balance. It will be seen, there-
fore, that the specimen is loaded as a cantilever beam and is rotated
with the shaft of the machine. The speed used was 1200 revolutions
per minute.

‘When this machine was being tested the unit stress on different
specimens was gradually lowered until finally a unit stress was
reached which the specimen withstood for 100 000 000 cycles of stress
without failure. This result was unexpected, and immediately sug-
gested the probability that a metal had a well defined endurance
limit.

The fact that a steel has apparently an endurance limit had a
direct bearing upon the experimental work which had been planned.
Because experimental data were lacking to prove the contrary, it
had been assumed that the inclined straight line obtained when plot-
ting on logarithmic paper unit stresses and cyeles for rupture gave
the correct relation between those quantities even for large numbers
of cycles of stress. While this assumption would be disproved by
the existence of a well-defined endurance limit, yet it seemed worth
while to continue the experiments for the purpose of determining
whether even the inclined part of the S-N diagram obtained for
stresses below the yield point was related to that obtained for stresses
beyond the yield point.
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The upper half of Fig. 44 shows the curves obtained from the
endurance tests on which the specimens were stressed beyond the
vield point, while the lower half shows the curves obtained from the
endurance tests in which the specimens were stressed within the
elastic limit.

The equations for the straight lines in the upper half of Fig. 44

are as follows:
For steel No. 1,

N=2% (1)
For steel No. 2,

N3 (2)
For steel No. 3,

A’=%§ (3)

in which D is deflection of the specimen in inches, and N is the
number of eycles for rupture.

From these equations and the equation connecting deflection and
unit stress within the elastic limit, taking 29 000000 pounds per
square inch as the value of the modulus of elasticity of steel, the
following equations were derived :

For steel No. 1,

4 896 000
R= —grr 4
a it 4y i

For steel No. 2,

5151 000 :
TEE (%)

S=——

For steel No. 3,

3 314 000

8=
VN

(6)
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Fi1g. 44. S-N AND D-N DiaGgraMs FOR TESTS oN WISCONSIN ROTATING-BEAM

TESTING MACHINE

Logarithmic abscissas give thousands of cycles for rupture
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in which § is the unit stress in pounds per square inch, and N is
the number of cycles for rupture.

Table 11 gives certain values of N and the corresponding values
of § computed from these equations, and also for purposes of com-
parison values of S obtained from long-time endurance tests cor-
responding to the lower half of Fig. 44.

TABLE 11

CoMPARISON OF CoMPUTED VALUES AND ACTUAL VALUES OF STRESS FOR
SpECIAL SERIES OF TESTS IN THE WisCONSIN RoTATING-BEAM TESTING

MACHINE
Steel No. 1 Steel No. 2 } Steel No. 3

N AR IR I ST | TR e
Computed Actual Computed Actual ‘ Computed Actual

g S [ g S ' S ‘ S

i l

50 000 oAy 0, ) I T AR TBEB00 W S | 637600 | 58 300
100 000 55 500 44 000 58 400 43°000 | 51 900 54 000
500 000 29 700 38 500 31 200 38 000 29 000 44 800
1 000 000 22 700 36 500 23 800 36 800 | 22 600 42 000
2 000 000 17 300 34 500 18 200 34 800 | 17 600 42 000
3 000 000 | 14 800 33 500 15 500 33 800 | 15 200 | 42 000

This table makes it quite clear that even that part of the S-N
curve between the endurance limit and the yield point cannot be
predicted from equations such as (4), (5), and (6), derived from
short-time tests beyond the yield point. It is evident, therefore, that
the relation existing between deflection and cycles for rupture for
stresses beyond the yield point is different from that existing within
the yield point. Furthermore, calculation shows that there is no
constant relation between the computed and the actual values of S
given in Table 11. It is also impossible to make the computed values
of § agree with the actual values by changing the exponent of N
in the equations, for calculation shows that an exponent that will
make the values agree for a value of N=50000 will not do so for
a value of N==3 000 000.
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APPENDIX B

FATicUE PHENOMENA IN METALS

The following pages give the substance of a progress report pre-
pared by the Engineering Division of the National Research Counecil
Committee on Fatigue Phenomena in Metals and published in ‘‘Me-
chanical Engineering’’ for September, 1919.

This committee of the National Research Council was made the
Advisory Committee for the Joint Investigation of the Fatigue of
Metals. Those paragraphs of the 1919 progress report which deal
with plans for an investigation of fatigue phenomena in metals are
not printed here, since they are given in substance either in the
parts of this bulletin dealing with test results or in Chapter VI,
““Subjects for Further Investigation.”” It should be remembered
that the progress report given in this appendix was written before
the main part of the bulletin, and that it is to be expected that the
results of the investigation will be found to modify some of the
views given in the first progress report. ?

In this appendix references are made by number to articles
listed in the Bibliography given in Appendix D.

Metal parts of machines, such as springs, shafts, crankpins, and axles,
oceasionally fail suddenly while only subjected to conditions of ordinary service.
Not only does failure ocecur suddenly, but the part about to fail shows no ordi-
nary evidence of weakness. The broken parts when examined are seen to be
broken off short, and without general distortion, even though the material may
show high ductility in ordinary tests. Such failures are found only in parts sub-
jected to stress repeated many times—to ¢‘vibration,”” as it is sometimes
stated—and the phenomena which are involved in the final failure of metal
through oft-repeated loading are known as ‘‘fatigue’’ phenomena of metals.

The phenomena of fatigue failure have recently given rise to some pre-
plexing problems in connection with the design and service of airplane-engine
crankshafts, the hulls of steel ships, axles and shafts in railway cars, motor cars
and trucks, and other machine parts. The question whether structural parts
subjected to repeated stress are in danger of fatigue failure has been discussed
at considerable length. The danger of fatigue failure seems to be an unim-
portant factor in determining the safety of structural parts, with the possible
exception of parts subjected to reversal of stress. The reason for this is prob-
ably found in the relatively small number of loadings which most structures are
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called upon to withstand, and in the fact that most of the loadings are below
the maximum working value. On the other hand, the danger of fatigue failure
is a major factor in determining the safety of many machine parts.

The problem of fatigue of metals engaged the attention of engineers
seventy years ago, in connection with car axles and members of. iron railway
bridges. It was early recognized that high stress tends to cause, or at least to
hasten, fatigue failure, and about 1860 Wohler’s famous investigations 132(b)
were undertaken to determine the relation between intensity of fiber stress and
the ability of materials to resist fatigue under repeated stress. Wghler’s tests
oceupied some eleven years, and remain to this day the most thorough tests on
record. Wohler investigated metals under direct tension, under bending, and
under torsion (shear). For some of his tests the stress varied from zero to a
maximum and for others the stress was reversed. The results of Wghler’s tests
may be summarized as follows:

(1) A machine part or structural member may be ruptured by the repeated
application of a load which produces a computed fiber stress less than
the ultimate strength of the material as determined by a static test.

(2) The greater the range of stress, the lower the limiting fiber stress to in-
sure against rupture after a very large number of repetitions.

(3) To insure against rupture after a very large number of repetitions of load-
ing causing complete reversal of stress, the limiting fiber stress is
but little greater than one-half the limiting fiber stress for a very
large number of repetitions of stress varying from zero to a maximum.

Following Wahler the famous Bauschinger? published a series of conclusions on

fatigue, and various other investigators, notably Gerber,125® and Weyrauch and

Launhardt,68® gave early interpretations of the experimental results of Wahler

and Bauschinger.

In these earlier experiments several facts seem noteworthy. The prime
object of the investigators was to deduce laws of fatigue for railway bridges
and car axles. The problem of fatigue in high-speed machine parts had not
then appeared. These investigators carried their tests far emough to cover the
number of repetitions required by the structures of their day and assumed that
having done so they had established an endurance limit. Reading their con-
clusions earefully, the statement does not seem to be made that material which
passed their tests would stand an infinite number of repetitions. The term
generally used is ‘‘indefinite’’ or ‘‘very large,’’ and the number corresponding
is from ten to fifty millions. For the problem which they investigated their
tests seem to give safe guides for practice, but today, with the advent of modern
‘high-speed machinery, some parts of which must be as light as possible, and
the extension of the fatigue problem to such members as the eranks and the
connecting rods of gas engines and the shafts of steam turbines, the number
of repetitions of stress which a machine member may be called upon to undergo
is very much increased. This fact is illustrated by Table 12, which gives a
statement of the approximate service required from various structural and
machine members.
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Investigations have been made in recent years by Howard,56 Stan-
ton,112, 118 114 115 Basquin,® Smith,107 Eden, Rose and Cunningham,28 Kommers,$s
Mason,7¢ Moore and Seely,83 and others. The efforts of these investigators

TaBLE 12

APPROXIMATE SERVICE REQUIRED OF VARIOUS MEMBERS OF STRUCTURES
AND MACHINES SUBJECTED TO REPEATED STRESS

Approximate Number

Part of Structure or Machine of Repetitions of Stress

in the ** Lifetime’’ of the
Structure or Machine

Railvoad bradge ichord Yaepabons:. .« . sl s sl o shibesis aeansm sl i 2 000 000
Elevated-railroad structure, Boor DEAIIS . ... .ot v vwei i v i aviodvs o 40 000 000
Railroad rail, locomotive wheel loads . ... .....iiouiniivinue i iin 500 000
Rsirondoratl voar wheel LoRdE i o i atihide S s s s srakldo e st 15 000 000
Alrplane-engine orARKSBAELS . . 0h L s e s e s 18 000 000
T R e e P e D 50 000 000
Automobile-ongine-OraNKERATES .. . oo i\ v rive s 0 5disim e s miais pioigtie ¥ viies «eae 120 000 000
Laneghafting iORANODA", - ho SR oadl M o i, o L R e AL 360 000 000
Steam engine piston rods, connecting rods and crankshafts............. 1 000 000 000
Bteam-turbine shafts, bending BtTEsSER .. /. < v . vile v dhle s daviaia s v sais 15 000 000 000

have been toward the study of modern materials, refinements in methods of
testing, and interpretation of results. The limits of actual tests have not been
extended to modern requirements, and the problem still remains of obtaining
test data for much longer endurance of fatigue than was contemplated by
Waéhler. Under the most favorable conditions conceivable such data will be
obtained very slowly, and meanwhile there must be faced the problem of de-
termining safe stresses for very large numbers of repetitions by extrapolation
from previous test results.

MACHINES FOrR TESTING FATIGUE STRENGTH

Fatigue tests cannot readily be carried out with ordinary ‘‘static’’ testing
machines. Tt is, of course, possible to repeat loadings on a test specimen in
such a machine, but the process is very slow. Such a machine equipped with an
ingenious automatic arrangement for applying and releasing load was used by
Van Ornumi28 in fatigue tests of concrete in compression, but the time required
for even a hundred thousand cycles of stress was very great.

A very simple repeated-stress testing machine acts by the application and
removal of a weight to the end of the long arm of a simple or compound lever,
the specimen carrying load .at the short arm. Such a machine was used by
Berry in fatigue tests of concrete in compression. In a machine of this type
the load must be applied slowly, else there will be inertia forces set up by the
impact of the weight as it is let into place.
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A common type of repeated-stress testing machine is one in which a cali-
brated set of springs resist the tensile, compressive, flexural, or torsional stress
set up in the specimen, and the deformation of the calibrated set of springs
gives a measure of the force or moment acting on the specimen. Fig. 45(a)
diagrammatically illustrates this type of machine which was used by Wohler
and has since been used by many other experimenters. The Upton-Lewis ma-
chine is of this type and extensive use was made of it in torsion tests carried
on by McAdam.s5® This type of machine permits a fairly high rate of repe-
tition of eycles of stress, and machines which have been run at 1000 repetitions
per minute have given results apparently trustworthy.

The most common type of machine for reversed bending stresses uses a
circular specimen acting as a rotating beam. This type was used by Wohler,
and also by many later investigators. Fig. 45(b) illustrates such a machine.
The specimen is in the form of a bar of circular section, to which bending
stress is applied by weights. The specimen is rotated by means of a pulley.
At any instant the outer fibers are subjected to a stress varying from tension
on one side to compression on the other, and the fiber stress at any point passes
through a cycle of reversed stress during each revolution. As shown, the speci-
men is loaded at two symmetrical points of the span, and between these two
points the extreme fiber stress is constant for each element along the bar. This
type of machine permits high speed of reversal of stress, speeds up to 2000
revolutions per minute having been successfully used.

British experimenters have used repeated-stress testing machines in which
varying stress was applied to a specimen by means of the inertia of reciprocat-
ing parts. Fig. 45(¢) shows suech a machine, which can be used at high speeds.
However, the speed must be very closely controlled, as the inertia forces vary
with the square of the speed. Moreover, friction on the guides causes some
slight uncertainty as to the magnitude of stress set up at each stroke of the
crank.

A repeated-stress testing machine depending on centrifugal force to pro-
duce cycles of stress is shown in Fig. 45(d). It is evident that as the eccentric
weights revolve the specimen will be placed alternately in tension and in com-
pression. This machine has been used by J. H. Smith.107® Tt characteristics
are much like those of the inertia type; in fact, it is a special form of inertia
" machine.

A type of machine used by Arnold and later by other experimenters is
shown in Fig. 45(e). In this machine a specimen is repeatedly given a certain
deflection. Usually this deflection is sufficiently large to stress the material well
beyond the yield point, and no very definite stress can be computed. This
machine is used mainly for short-time tests. :

Another short-time-test machine uses the repeated impact of a small ham-
mer. The claim is made that impact loading emphasizes local flaws better than
a load which is more gradually applied, and that thus it indirectly gives a
better index of fatigue strength. Data, however, are lacking to prove or, dis-
prove this eclaim.
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Various repeated-stress testing machines have been constructed in which
the cycles of stress were set up by the action of an electromagnet energized by
alternating current. Usually the stress was measured either by the deflection
of a spring or by the deformation of a standard test bar attached to the speci-
men. The speed of such a machine, however, is usually so high that there seems
to be some uncertainty as to whether the successive waves of stress pass through
the specimen without interference.

‘While the microscope can hardly be classified as a testing machine, it has,
nevertheless, been of such vital importance in studying fatigue phenomena that
it may well be mentioned in this place. Space will not permit of a detailed
description of the methods employed in the microscopic examination of metals,
but the process involves polishing a small area of the metal, etching the surface
with some reagent to bring out the lines of the erystalline structure, and ex-
amining and photographing the surface through a microscope, the surface of
the metal being illuminated by means of a reflected light.

THE PHENOMENA OF FATIGUE FAILURE

A fatigue failure of a metal, whether it occurs in a test specimen or in
a machine part, is characterized by suddenness, lack of warning, apparent brit-
tleness of material, and, in many cases, a fracture with a crystalline appearance
over a part of its surface.

This erystalline appearance led to the old theory that under repeated stress
metal ‘‘erystallized,’”’ changing from a ductile ‘‘fibrous’’ structure to a brittle
‘“erystalline’’ one. This theory, however, has been quite thoroughly demolished
as a result of study of the structure of steel under the microscope. As revealed
by the microscope the structure of all metals used for structures and machines
is erystalline, any ¢‘fibrous’’ structure being caused by inclusions of non-metallic
impurities (for example, slag in wrought iron). Microscopic examination of
metals under stress shows no change of the general scheme of internal structure,
but under sufficiently heavy stress there appears gradual breakdown of the
crystals in the structure.

‘When a ductile metal is deformed cold, the first deformation occurs in
the particular grains which either take the most stress or have the lowest elastic
limit. Deformation takes place by the slipping of one portion of the grain with
reference to other portions. This slipping is shown by the appearance of lines
called ‘‘slip bands’’ or ‘‘slip lines’’ extending across ecrystals and indicating
planes of cleavage, as shown in Fig, 46. As the load is increased deformation
proceeds and other slip bands are formed, the law being that the most easily
deformable grains first show slip bands. Gradually the most favorable planes
of slip are exhausted, and further slippage can take place only with the addi-
tion of more load.

The failure in ductile metals subjected to repeated stress takes place with
substantially no general deformation. There is, however, considerable local
deformation over microscopic areas, evidenced by the appearance of many slip
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bands on a polished surface of the metal after the application of repeated stress.
These slip bands appear after a small number of reversals of stress with rela-
tively large loads, and may not appear at all with slight loads. The slip bands
may first appear either in the interior of a grain or at the grain boundary. As
the number of applications of stress increases more slip bands appear, and those
first appearing usually lengthen and widen. TUnder the microscope and with
normal illumination the general surface becomes blacker as the number and
width of the slip bands increase. In ductile metals fatigue failure is almost
exclusively through the grains themselves rather than at the grain boundaries,
and the first slip bands to appear do not necessarily form a part of the final
path of rupture. Failure seems to take place by the uniting of slip bands into
cracks. When the first grain develops a crack extending across its entire width,
added stress promotes the extension of this crack into adjacent grains on both
sides, although the orientations of these grains may be and usually are such
that the crack must extend itself at an angle to that in the initial grain. The
general tendency is for these slip bands to follow the lines of cleavage of the
particular grain in which they oceur. Often incipient fracture is found in many
grains adjacent to the final path of rupture, indicating that had rupture not
taken place where it did, it would have soon taken place in some other adjacent
part.

" Such observations by means of the microscope indicate that localized
deformation is the primary cause of fatigue failure in ductile metals, but it
does not necessarily follow that the formation of one slip band under repeated
stress will indicate eventual fracture if the loading is continued; one grain may
appear to have a greatly reduced elastic limit because of internal strains or
peculiarly unfavorable orientation. It is not certain that there is a limiting
load below which fatigue will never take place.

Materials classified as brittle have very little permanent deformation under
static stress, and under repeated stress the progressive fracture of brittle ma-
terial might take place, not by slipping within crystals, but by tensile fracture
of erystals. There has been practically no study made of the fracture of brittle
materials under repeated stress, and it would be instructive to have tests carried
out on brittle amorphous materials such as fused silica and on brittle erystal-
line materials like marble or tungsten. It is gradually being recognized that
the breaking load of a specimen is a complex matter, and depends, among other
things, on the time of application of the load. Mere duration of static load-
ing, however, does not have an effect at all comparable with repetition of load-
ing in reducing the breaking load. It seems evident that the distribution of
stress in some brittle materials is very much less uniform than in ductile ma-
terials, and that fractures in brittle materials start on areas of high stress,
whereas in ductile materials the high stresses are relieved by local yielding. A
more complete understanding of the mechanism of rupture in brittle materials
would doubtless be of great value.

When the action of metal under repeated stress is considered from the
viewpoint of the internal strains and accompanying stresses in the material, a
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radical difference is seen in the behavior of material under static load and under
repeated load. In a general way we may consider any structural or machine
part as subjected to static conditions if the load on it is applied gradually and
is not repeated more than a few hundred times; the part may be considered as
subjected to fatigue if the load on it is applied, say, one hundred thousand
times or more; and for intermediate conditions of loading the phenomena charac-
teristic of both kinds of loading would be present.

‘We must look upon steel as filled with a multitude of minute flaws. These
flaws are developed in the solidification of the material. In static testing, steel
under stress of about half its ultimate strength passes into a semi-plastic con-
dition, in which there is a gradual flow of the material. Under such conditions
the small flaws have almost no effect upon the flow or upon the static strength.
When steel is loaded to moderate stresses the yielding is almost entirely elastice,
but in general a small portion of it is inelastic, energy being taken up by the
steel itself. If the specimen can be loaded a great number of times without
heat loss its temperature will increase. If it is set vibrating in a chamber: free
from air it will stop vibrating in a short time, due to the absorption of energy.
In such cases the stress-strain curve appears to be straight and the curve for
the removal of the load may be practically identical with that for the applica-
tion of load, but still these other effects show loss of energy in the steel itself.

This loss of energy is doubtless due to small displacements at these flaws,
which are not reversible. Under alternate loadings these displacements are made
back and forth. Energy is continuously being absorbed in the location of these
small flaws, and it is perfectly natural that they should increase in size. We
must look upon these extensions of the flaws as occurring in a great many parts
of the steel. If the stresses are small the increase in size of these flaws is prac-
tically negligible, but if the stresses are larger the increase is rapid, and later
on in the history of the piece under test, very rapid, and finally the strength of
the piece is terminated when a sufficient number of these flaws have connected
so as to form an area of very great weakness.

For static loads all the above is of little consequence with a ductile metal;
but it is of congequence in the case of a brittle metal like cast iron, which has
a remarkably low strength in tension in comparison with its compressive strength.
Ductile metals may be considered as having a very high value for cohesion with
a rather low coefficient of friction—or whatever corresponds to that—so that
these metals begin to slide on diagonal planes without actual fracture under
high local stress.

When a ductile material is loaded it may be subjected to stresses whose
average values for small areas are not very different for parts that are-a tenth
of an inch apart; but there is a multitude of tiny spots whose fiber stresses
are 2, 3, 4, or 10 times the average value, 61, 92, 21(®,  This holds so long as
elastic conditions obtain. As the applied stress increases some of these stresses
inerease in like ratio, but not in like inerements. At moderate applied stresses
these special stresses reach inelastic conditions and slipping occurs. If the
average stress is now entirely removed, we may assume that the unloading takes
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place in a similar manner. The small spots unload first in an elastic manner,
but at a different rate than the remainder of the material. They will unload
approximately at the same rates as they used in taking stress, namely, 2, 3, 4,
or 10 times the normal rate. For the unloading they have about twice the
range of stress that they had in the loading before inelastic action is set up.
Some of them will reach the opposite limit and slip part way back again, while
some of them may not be subject to this return slip of inelastic action, but will
retain in the unloaded state a stress distribution of the opposite kind. Either
of these actions will give rise to hysteresis and to slight change of dimensions,
usually, however, too small to be detected.

In all of the foregoing the main parts of the material have not been sub-
jected to stresses which give inelastic action. If the loading is repeated with-
out reversal, the spots that slipped on the first unloading will be subjected to
further slipping both on loading and on unloading, but the areas that suffered
no slipping on the first unloading should show no further inelastic action un-
less the loading is reversed. If the loading is reversed, however, all the particles
that slipped in the first loading will slip on the reverse loading, so that with
repetition a larger number of spots undergo this slipping action than is the
case with loading which is not reversed. This explains the shorter life under
reversed stress than under repeated stresses in one direction only.

If the fractured surface of a ‘‘rotating beam’’ specimen made of ductile
metal and broken by repeated stress is examined, it is usually seen to be made
up of two parts: (1) near the extreme fibers there is a dark surface with a
dull, lusterless appearance, while (2) the remainder of the surface has a bright
crystalline fracture. If these are examined more carefully it is found that their
principal difference is in the size of the small flat surfaces that constitute the
fracture. The center portion of the area has comparatively large surfaces, giv-
ing a crystalline effect, while the dull gray portion has very small surfaces of
fracture.

An explanation of this is that the flaws in the outer portion of the sur-
face have connected to form an annulus, whose rugged face is roughly at right
angles to the axis of rotation. This has doubtless occurred slowly, and has
started from many centers, thus giving the rough face. After this slow growth
of flaws into an annular fracture has been accomplished the specimen has be-
come very weak and the stresses have become so large at the fracture that they
suddenly tear the metal in two on the natural surfaces of cleavage of the erystal
grains.

The center portion of this fractured surface does not differ from the crys-
talline surface at the bottom of a cup in an ordinary static tension fracture,
except that the erystalline surfaces are somewhat larger. This is to be explained
by the fact that in an ordinary tensile test the material at the fracture has
elongated something like 100 per cent, so that the erystal grains have become
of smaller cross-section and will naturally show smaller facets on fracture,
whereas, in a fracture of the endurance specimen, the material has had no chance
to elongate and the ecrystalline grains have their normal size, which will be
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shown in fracture. It is not the erystalline portion of the broken specimen
which has failed primarily by repeated stress, but the dull portion. In the
crystalline part of the fatigue fracture and in the crystalline part of the static
tension fracture the failure seems to be of the same nature, namely, a failure in
cohesion.

In considering the phenomena of fatigue failure it may be well to call at-
tention to the fact that there is an intermediate type of failure of ductile material
in which both plastic action and the development and spread of microscopic flaws
are present. Such failures sometimes occur in staybolts, boiler sheets between
rivet holes, and other parts occasionally subjected to very severe local distortion.

LocALizED STRESSES UNDER STATIC LoADING AND UNDER IMPACT LOADING

When a machine member or structural part is loaded gradually a state of
strain and accompanying stress is set up throughout it. In a general way the
distribution of stress is similar to that given by the theory of elastic action
which serves as a basis of our formule for computing stress and strain. There
are, however, many deviations from this distribution due to non-homogeneity of
the material and to irregularities in outline such as projecting corners, scratches,
and tool marks. When load is applied the general behavior of the piece as
indicated by careful measurements of stretch, compression, twist, or flexure
conforms to that required by the common theory of elastic action, but there
are doubtless many localized strains which cannot be detected, even by the use
of delicate micrometer measurements. It is to be recalled that in measuring
strains it is necessary to use a gage line of considerable length, with the result
that the observed strain is an average value along a relatively long line. The
localized stresses, corresponding to these undetected localized strains, are not
of any great importance under static load. When the load is increased to such
an extent that a considerable portion of the piece is stressed beyond the elastie
limit, the distortion of the piece increases abnormally and the piece may be
considered to have reached its yield point. After this limit is passed the dis-
tribution of stress is much modified, and for parts made of ductile material the
abnormal distortion at the yield point usually gives warning of structural dam-
age before complete failure occurs.

Under impact loading, which is merely loading applied in a very short
space of time, the action is somewhat similar to that under static loading, except
that ductile material may offer a higher resistance to very rapid fracture than
it does to fracture occurring gradually through a period of several minutes.
Impact fracture, moreover, may emphasize somewhat the localized stresses set
up at places where the structure of the material is non-homogeneous, or at
places where there are sharp notches or deep scratches in the surface of the
piece. Under slowly applied load there is opportunity for comsiderable adjust-
ment and equalization of stress after the yield point is passed; under impact
load there is probably less equalization on account of the rapidity of the action,
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and hence the localized stresses are higher and more effective in causing failure.
This explanation of the action under impaet is given here because repeated
stresses also emphasize the effect of high localized stress, though for an entirely
different reason.

TESTS AND CRITERIA FOR FATIGUE STRENGTH

It was formerly the common opinion that the determination of the elastic
limit of a material by means of a static test in a testing machine gave a reliable
test for the fatigue-resisting qualities of the material, and that the material
could withstand an infinite number of repetitions of stress lower than this elastic
limit. Tests at various laboratories, however, have quite thoroughly disproved
this idea, and have thrown grave doubts on the reliability of the elastic limit
as an index of fatigue strength. The term ‘‘elastic limit’’ has always been
rather loosely used, and covers several quite different stresses.79®> The value
determined for the elastic limit for any material depends on the sensitiveness
of instruments used and the accuracy of plotting results, and the elastic limit
as determined by such a test in a testing machine is determined by the average
behavior of the material over a considerable length, while the process of fatigue
failure may be going on over a section so small that it does not appreciably
affect the readings of the measuring instruments used. In several laboratories
comparative repeated-stress tests of different materials have shown higher fa-
tigue resistance for the material with the lower elastic limit. 23, 80 82

Bauschinger in his classic experiments showed that the elastic limits in
tension and compression as determined by ordinary testing-machine tests were
variable limits, their value depending on the treatment of the material during
fabrication. He called such limits ¢‘primitive’’ elastic limits, and showed that
when a specimen is subjected to gradually increasing range of alternating stress
there are soon set up two elastic limits in the bar—one in tension and one in
compression. He called these limits, which may have values widely different
from the ‘‘primitive’’ elastic limit, the ‘‘natural’’ elastic limits, and the range
between them the ‘‘elastic range.”” He also showed that a test specimen will
stand several million repetitions of this elastic range of stress without failure,
and proposed the ‘‘natural’’ elastic limits as indices of the fatigue-resisting
strength of the material. J. H. Smith107¢® has developed a somewhat simplified
process of determining the elastic range. This elastic range seems a more
reliable index of fatigue strength than the ordinary ¢‘primitive’’ elastic limit,
but the reliability of indices of fatigue strength based on determinations of
any elastic limit by testing-machine tests is open to question on account of the
possibility that loealized fatigue failure may be in progress without affecting
the readings of the instruments used in static tests.

Wohler used as an index of fatigue strength the ‘‘endurance limit’’ of
material as determined from a series of fatigue tests with different intensities
of stress. He used the method of plotting values of stress (§) against numbers
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of repetitions required for fracture (N) and determining by eye where this S-N
curve became ‘‘practically horizontal.”” Other investigators have plotted values
of 8 against values of 1/N or of (1/N)» and by extending the diagram till it
intersected the axis of ordinates have determined an assumed endurance limit for
an infinite number of repetitions of stress. Both of these methods involve enor-
mous extrapolation of test data. Moreover, widely different endurance limits
can be determined from the same test data by different methods of plotting
values.88 The tendency to irregularity of test results under low stresses makes
the decision whether the S-N curve is horizontal or slightly sloping downward
one of very considerable uncertainty.

It has been proposed by various experimenters to compare the fatigue-
resisting qualities of different metals by short-time tests with stresses well be-
yond the yield point of the material. Such tests are quickly and easily made.
Under such stresses, however, the action of the material is partly a plastic flow.
Such tests give good promise of determining fatigue strength and toughness
under occasional overload for parts such as staybolts, which in their ordinary
service are subjected to rather severe distortion, but it is not at all certain that
such tests give a reliable index of resistance of machine parts under ordinary
working stresses.so

It has been proposed by various laboratories to compare the fatigue
strengths of various materials by comparing their life under repetitions or
reversals of some standard stress, usually less than the elastic limit of the
material as determined by a static test. A somewhat similar standard proposed
is to determine the stress which will cause failure under a given number of
reversals. Standard stresses proposed for steel are 38000 pounds per square
inch (reversal) and 25000 pounds per square inch (reversal). One million re-
versals has been proposed as a standard ‘‘life.”” These two types of test
approach working conditions more closely than do the short-time, high-stress
tests described above. .However, they determine only one point on a S-N dia-
gram for a material and do not indicate how fatigue endurance changes with
change of stress.

A comparative study of fatigue strengths of various materials can be
made from a S-N diagram plotted on logarithmic paper. Up to about 1000 000
repetitions of stress logarithmic S-N diagrams fall quite closely along straight
lines, and from the ordinates and slopes of these lines the behavior of materials
under various intensities of stress can be studied. Tests may conveniently be
made with stresses at about the yield point of the material, at stresses about
20 per cent lower, and at one or two intermediate stresses.

Various other possible tests have been proposed for determining the fatigue-
resisting strength of a material, but no test has been proved to be of sufficient
reliability to be accepted as a standard. A number of tests, however, seem
worthy of experimental study.

The rate of dying out of vibrations in a ‘‘tuning fork’’ specimen of the
material has been suggested as a possible index of fatigue strength.15 Tt is
assumed that the gradual dying out of vibration is due largely to loss of energy



AN INVESTIGATION OF THE FATIGUE OF METALS 155

spent in inelastic action in the material, and that such inelastic action is a
measure of the fatigue weakness of the material. Test data are lacking to deter-
mine the value of this test, but it seems worthy of study.

Tests of magnetic permeability have also been proposed to locate internal
flaws in the material and thus indicate its relative fatigue strength. The entire
subject of the correlation of the magnetic and the mechanical properties of iron
and steel is a promising field of investigation.19

The rise of temperature under repeated stress has likewise been proposed
as a measure of fatigue resistance.118® Theoretically, if a specimen is sub-
jeeted to reversed elastic stress no change in temperature should take place, and
it has been proposed to determine the endurance limit for metals at that stress
which causes the first noticeable rise- in temperature after some thousand or
more reversals. A practical difficulty in using this test is to secure proper heat
insulation for the specimen. This test seems worthy of study, however, espe-
cially if employed in an inertia type of testing machine (see Fig. 45[c¢] and [d]).

The detection of the appearance and growth of ‘‘slip lines’’ in a speci-
men subjected to repeated stress gives some promise of furnishing a reliable test
for fatigue strength. Slip lines appear long before fracture occurs, and if their
appearance or the rate of their spread can be shown to be an index of fatigue
strength it seems possible that a feasible laboratory test may be devised. The
search for slip lines over any considerable area would, however, be very tedious.

Impact tests, usually on notched bars in bending, have been proposed as
an index of fatigue strength. The actions under impact failure and under
repeated stress are very different, the first giving a sudden break of the entire
cross-section of the specimen, and the second a gradually developing fracture.
Both failures, however, seem to be affected by localized flaws or irregularities
in outline, and though mno definite correlation between fatigue strength and
strength to resist impact has been established, yet such tests are worthy of study.
Repeated-impact tests have also been proposed to determine fatigue strength,
but whether such tests have any advantage over short-time tests under non-
impaet loads is not known.

In all tests to determine fatigue strength it is of the highest importance
to secure uniformity of surface finish between the different specimens to be
compared. Probably this can best be done by polishing the surface of the
specimens where failure is expected.

There is today no short-time test accepted as a standard test for fatigue
strength; but the development of such a test, and the establishment of its
reliability, would unquestionably be of very great service to testing engineers.

Locarizep STRESS AND ITS INFLUENCE IN PRODUCING FATIGUE

The ordinary formule and methods of analysis used in computing the
fiber stress in a machine part or structural member are based on the assump-
tion that the material is homogeneous throughout, and that the cross-section



156 ILLINOIS ENGINEERING EXPERIMENT STATION

of the member is either constant or that it changes its dimensions so regularly
and gradually that there is no appreciable localized fiber stress at sections of
rapid change. For structures and machines of ductile material subjected to
not more than a few hundred loadings, such assumptions are reliable, because
localized stresses do mnot appreciably affect the general deformation of a mem-
ber, nor do they under ordinary working conditions cause trouble before the
member has been subjected to some thousand or more repetitions of load. For
nearly all parts, however, high localized stresses are present. Internal flaws may
cause such localized stresses. This is shown by mathematical analysis of stress
in plates with holes in them6t and by direet experiment on such plates.o2, 21
External irregularities of outline may cause localized stress. Under bending
or twisting a member with a sharp reéntrant angle in its outline theoretically
develops an infinite stress at the root of the angle,29 and actually both mathe-
matical analysis and direct experiment show that very high localized stress may
be caused by sharp grooves or scratches on the surface of a machine part or
structural member.

It has been stated above that for parts subjected to a few loadings local-
ized stresses are mot of great significance. The case is quite different, however,
for parts subjected to thousands of loadings. High localized stress may cause
a crack to start, either directly or by ‘‘cold-working’’ the material where the
localized stress exists until the material becomes brittle. This crack forms an
extension of the discontinuity of the material which caused it, and under re-
peated stress tends to spread still more rapidly. This tendency is illustrated
by the action of a piece of plate glass in which a crack has started. In most
cases under any repetition of load the crack spreads, and will cause final fracture
of the glass. A fatigue failure under repeated stress is a progressive failure.
This spreading of cracks to cause failure explains why under fatigue even due-
tile materials snap short off. Failure does not involve plastic flow of consider-
able masses of metal, but only of microscopic masses near the crack, and final
fracture comes suddenly just as if the member were cut half off by means of a
saw ecut and then bent. The importance of avoiding localized high stress in
members subjected to repeated stress can hardly be overemphasized. Homo-
geneity of internal structure, smoothness of external surface, and avoidance of
sudden changes of cross-section may be more important in the construction of
machine parts subjected to repeated stress than is high static strength of material.

Shoulders of crankshafts and of axles, keyways in shafts, screw threads,
and rivet holes are examples of locations where high localized stress is liable
to oceur.

RELATION BETWEEN MICROSCOPIC STRUCTURE AND FATIGUE

A very large field of investigation and one in which very little systematic
work has been done is the study by means of the microscope of fatigue failures in
various characteristic structures of metals, especially steels. The following para-
graphs are given as a summary of the theory held by present-day metallogra-
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phists of the relation of microstructure of metal to its fatigue strength. Many
of the details of this theory, however, lack adequate experimental verification.

Annealed steel consisting of ferrite (pure iron) and cementite (iron car-
bide, Fe3C) seems to increase in resistance to fatigue with the increase in carbon
content, especially when the cementite is present in the form of plates as in
lamellar pearlite and as long as the cementite does not surround the grains
of pearlite. When the cementite is spheroidized, the elastic limit is greatly de-
creased and probably the resistance to fatigue is also decreased. As a structural
material, therefore, a steel with considerable carbon in the form of spherical
globules of iron carbide would have practically no advantages over wrought iron.
When, however, the iron carbide is in plates it seems to have a marked effect in
raising the elastic limit, and probably increases the resistance to fatigue. We
would also expect that complete and large networks of ferrite would lower fa-
tigue resistance.

The same arguments regarding grain size of single constituent metals hold
to a certain extent for two component alloys. For example, such experimental
evidence as is available indicates that the sorbitic structure in steel is the one
which resists fatigue best. This structure is supposed to represent an extreme
refinement of grain in which the particles of iron carbide are very small, and
hence the particles of ferrite must also be very small. It is true that some of
the iron carbide may be in solution in the iron, but it is more probable that the
mechanical properties observed can be accounted for by an extreme reduction
in the size and by the dispersion of ferrite and cementite particles. When these
globules are made larger by heating to a higher temperature than that at which
the sorbite was formed, granular pearlite results with reduced fatigue resistance.

‘When a high-carbon steel is quenched from above the eritical range to
form martensite, the metal becomes extremely brittle. The normal path of
static rupture in brittle martensite is at the old austenite (solid solution of Fe C
in gamma iron) grain boundaries. The path of rupture in fatigue has, so far
as is known, not been ascertained. From certain tests on the resistance to
fatigue of chrome-vanadium steel after various heat treatments, Dr. C. M. Olm-
stead, of the C. M. O. Physical Laboratories, Buffalo, found that the steel in
the martensitic state, that is, as quenched, had a very much lower resistance
to fatigue than after reheating to about 1100 degrees F. The maximum resist-
ance to fatigue occurred by quenching and reheating to 1000-1200 degrees F.
(538-648 degrees C.), and there was very little difference between the speci-
mens tempered at 1000 degrees and at 1200 degrees. There was a marked dif-
ference, however, between these and the samples tempered at lower tempera-
tures or those not tempered at all. This is the heat treatment that is commonly
given to automobile parts which must withstand fatigue stresses, and which may
be subjected to shock. The tempering of springs is done at a little lower tem-
perature, but it is not certain that the spring structure is the ome having the
highest resistance to continued repetition of stresses.

It seems from the above that martensite is not a suitable material to
withstand fatigue stresses, and that some intermediate structure between mar-
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tensite and the annealed or normalized structure will have the maximum resist-
ance to fatigue. This structure is called the sorbitic structure and corresponds
to that used in automobile springs and other parts of automobiles which must
resist fatigue and shock stresses.

ForMULZ FOR DESIGNING PARTS SUBJECTED TO REPEATED STRESS

All formule which have been proposed for designing parts subjected to
repeated stress depend upon extrapolation from test results and should there-
fore be regarded as temtative. Their use is justified only on the ground of
necessity. Parts must be designed to resist repeated stress, and even formula
derived from a confessedly inadequate experimental basis seem better than mere
guesswork. Two types of formula have been used.68(® 7o®

In many discussions of data of repeated-stress tests, it is assumed that
there exists some definite ‘‘endurance limit,”’ that is, some stress, greater than
zero, which ean be repeated an infinite number of times without causing failure
of the material. If such a limit exists it is certainly lower than the elastic limit
of the material as determined by static tests, for actual failures of materials
have occurred under repeated nominal stresses as low as one-quarter of the elas-
tie limit as determined by a static test. Examination of test data indicates that
the endurance limit is an assumption rather than a proved fact. It is usually
determined by plotting a diagram with stresses as ordinates and number of
repetitions producing failure as abscissas and estimating the stress for which
the diagram seems to become horizontal. Various other methods have been pro-
posed, but all involve this assumption.ss

In 1910 a papers presented before the American Society for Testing Ma-
terials pointed out that an examination of the results of numerous series of
repeated-stress tests indicates that for mearly all the range covered the law of
resistance to repeated stress may be expressed by the equation:

B =N e el o e [1]
in which § is the maximum unit stress developed in the test piece, N the num-
ber of repetitions of stress necessary to cause failure, and K and m are con-
stants depending on the material and somewhat on the manner of making the
test. This is known as the ‘‘exponential equation for repeated stress.’’

Another form of expression for the above equation, and frequently more
convenient, is:

log 8=log E—m 108 N..oooveuennrnnnnnnnnn. [2]
If the logarithms of S8 and N are plotted, or if the values of S and N are
plotted on logarithmic cross-section paper, Equation [2] is represented by a
straight line. Fig. 36 shows the S-N diagram given by a series of repeated-
stress tests. In Fig. 36(a) ordinary codrdinates are used, but in Fig. 36(c)
the coordinates are logarithmic. For large values of N the exponential equa-
tion, which is represented by the inclined line of the diagram, would give values
of 8 smaller than the observed values ; in other words, the exponential formula
seems to err on the side of safety.
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It will be noted that the use of the exponential formula involves the
assumption that any stress if repeated often enough will eventually produce
failure of the material. Thus while both the endurance limit and the exponential
formula are based on extrapolation from known data, the exponential formula
seems to be an assumption on the safe side. The working stresses as developed
by the two methods do not differ greatly except for members subject to more
than ten million repetitions of stress. Above that number the exponential
formula requires lower working stress, but even then the stresses given by the
exponential formula are not impracticably low.

‘While nothing but tentative formule can be proposed now,30 some features
which a satisfactory formula for fatigue strength should include may be noted.
It is probable that such a formula for any material will not depend on ordinary
static qualities of the material such as elastic limit or tensile strength. It may
depend on some form of elastic limit determined after the material has been
put in a ‘“eyclic’’ or ‘‘normalized’’ state by a number of reversals of - stress.
Such a formula will quite probably contain factors dependent on the surface
finish of the part and upon the uniformity and regularity of its erystalline
structure. It will contain a factor dependent on the range of stress during a
cycle. Such a formula may contain a factor dependent on the probable number
of repetitions of stress which the part may be expected to withstand during a
normal period of service, or the result may be an ‘‘endurance limit’’—a stress
which the part is capable of withstanding so many times that even for modern
high-speed machinery the number of repetitions may be regarded as infinite.
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APPENDIX C

GrossARY oF TrcHNICAL TERMS

A steel which owes its characteristic properties chiefly to
the presence of an element or elements other than earbon.
In the present investigation the two alloy steels tested
were nickel steel and chrome-nickel steel.

See Heat Treatment.

See Metallography.

A moment is equivalent to the product of a force multi-
plied by a distance, and is- measured in inch-pounds or in
foot-pounds. The bending moment at any cross-section of
a piece under flexure measures the tendency to cause flex-
ural failure, and is equal in magnitude to the summation
of the moments of the forces on one side of the cross-
section.

See Hardness.

See Metallography.

See Impact Test.

See Cold Working.

See Cold Working.

See Pyrometer.

See Cold Working.

See Cold Working.

Changing the shape of steel parts by compressing, stretch-
ing, bending, or twisting, using stresses beyond the yield
point and temperatures below the eritical range. Cold-
drawn steel is finished by being drawn through a die,
while cold-rolled steel is finished between rollers.

See Deformation.

An alloy of copper and nickel used in thermo-couples.

See Metallography.

See Metallography.

See Repeated Stress.

Change of form of a member accompanying the applica-
tion of external load. The term strain is used in this
bulletin as synonymous with deformation. Deformations
may be stretches under tension, compressions under com-
pressive load, deflections under bending (or flexure), twists
under torsional moment, or detrusions under shear. Twist
is a special case of shearing detrusion. The deformation
per unit of-length over any gage length on a specimen is
called the unit deformation or unit strain.
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DETRUSION .
DRAWING
DueTiLITY .

ErasTtic LiMIT

ELONGATION . .
ENDURANCE

ENDURANCE LiMIT .

ENDURANCE STRENGTH

EXTENSOMETER . .

See Deformation.

See Heat Treatment.

Ability to withstand stretch without rupture. Duetility
is usually measured by the percentage of elongation after
rupture over a gage length laid off on a specimen before
stretching, or by the reduction of area of the original
cross-section of a specimen when tested in tension.

The term ‘‘elastic limit’’ is, unfortunately, used very
loosely in general practice. In this bulletin the term elas-
tic limit or set elastic limit is used to denote the highest
unit stress at which material will completely recover its
form after the stress is removed. Proportional limit, or
proportional elastic limit, is used to denote the highest
unit stress at which stress is proportional to deformation.
The values found for both elastic limit and proportional
limit are dependent on the accuracy of apparatus used and
the precision of plotting stress-strain diagrams. For prac-
tical purposes elastic limit and proportional limit may be
regarded as interchangeable terms. The yield point is
that unit stress at which material shows a sudden marked
increase in the rate of deformation without increase in
load. It is usually determined by the sudden drop in the
balance beam of the testing machine as strain is applied
to the specimen at a uniform rate, or by a sudden in-
crease of deformation which can be seen by the use of a
pair of dividers on the specimen. The ‘‘FR’’ point re-
ferred to in this bulletin is a special limit determined by
very delicate flexure tests. The method of determining it
is described in the reference given in connection with the
text.

See Duectility.

In this bulletin the term endurance is used to denote the
number of cycles of repeated stress withstood by a speci-
men before failure.

The highest unit stress which, applied in cycles of com-
pletely reversed stress, can be withstood an indefinite num-
ber of times without failure. If an S-N diagram for a
series of reversed-stress tests is plotted to logarithmie co-
ordinates the endurance limit is the unit stress at which
the diagram abruptly changes direction from a sloping
line to a horizontal line.

A general term denoting ability to resist repeated
stress; synonymous with fatigue strength.
An instrument for measuring small changes of length of
specimens under tension. Sometimes the term is loosely
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FATIGUE

FATiGUE LiMIiT .
FATIGUE STRENGTH .
FERRITE . .
FERROUS METALS

FILLET .

Fraw

FLEXURE
““FR’’ POINT.
GRAIN
HARDNESS .

HEAT TREATMENT .

used to denote any instrument for measuring small de-
formations of material.

The action which takes place in material causing failure
after a large number of applications of stress. Failures
due to fatigue are characterized by their suddenness, and
by the absence of general deformation in the piece which
fails.

See Endurance Limit.

See Endurance Strength.

See Metallography.

Metals whose principal ingredient is iron. The common
ferrous metals are: wrought iron, cast iron, malleable cast
iron, and steel.

A curved surface at the junction of two different sized
parts of a machine member. The use of a fillet prevents
a sharp shoulder at the junction.

In this bulletin this term is used to denote any defect in
metal, either a surface defect or a defect in grain structure.
See Deformation.

See Elastic Limit.

See Metallography.

The term hardness is used with a variety of meanings. In
this bulletin it is used to denote resistance to penetration.
The two common tests for hardness are the Brinnel test
and the scleroscope test. In the Brinnel test a hardened
steel ball of a standard diameter is forced against the
surface of a test specimen, using a standard pressure.
The diameter or the depth of the resulting impression is
an inverse measure of the hardness. In the scleroscope
test a small weight fitted with a diamond point is allowed
to fall from a standard height upon the surface of the
specimen, thus causing a minute indentation. The height
of rebound is a measure of the hardness.

Heat treatment of steel is the proper control of heating

and cooling so as to produce the desired structure (pearl-
itie, sorbitie, ete.), and includes:

ANNEALING, which consists in very slow cooling from above the criti-

cal range, and which gives a large-grained, soft, pearlitic
structure;

NorMALIZING, which consists in cooling from above the critical range

in still air, and which gives a fine-grained, pearlitic struec-
ture;

OIL QUENCHING, which consists in cooling from above the ecritical

range by cooling in oil at room temperature, and which
yields steel of sorbitic or troostitie structure, depending
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on the carbon content (certain special alloy steels yield a
martensitic structure or even an austenitic structure with
oil quenching) ;

WATER QUENCHING, which consists in cooling from above the critical

range by cooling in water at room temperature, and which
yields steel of martensitie, troostitic, or sorbitic structure,
depending on the carbon content (certain special alloy
steels yield a martensitic or an austenitic structure with
water quenching) ;

DRAWING, which consists in reheating quenched steel to a temperature

slightly below the critical range and then cooling. This
process tends to bring martensitic, troostitic, or sorbitic
steel towards the pearlitic state, and, by varying the tem-
perature of drawing, it is possible to control the state of
the steel with a good degree of precision.

Other liquids are sometimes used for quenching steel;
such as molten lead, molten barium chloride, ice water, and
brine.

Alloying elements, including carbon, slow up the tran-
sition period so that high-carbon steels and alloy steels
are more susceptible to heat treatment than are low-carbon
steels. See Metallography.

HYSTERESIS, MECHANICAL . . . If load is applied to a specimen, and is re-

ImpACT TEST .

moved, then, if the specimen is perfectly elastic under the
stress caused by the load, the energy expended in loading
the specimen is all given back when the load is removed. If
the specimen is not perfectly elastic under the stress caused
by the applied load, then some of the energy applied is
dissipated as heat. This dissipated energy is called me-
chanical hysteresis, and is measured by the area of the
loop between the stress-strain diagram for application of
load and the stress-strain diagram for release of load.

A test in which a specimen is subjected to a very sud-
denly applied load. In the machines commonly used for
making impact tests of steel specimens the sudden load
is applied by the blow of a swinging pendulum. The
three testing machines in common use for this test are the
Charpy, the Izod, and the Olsen. Impact tests in flexure
are usually made on small beams of steel with a sharp
notch in them, because an unnotched beam would bend
without fracturing; such tests being sometimes called
notched-bar tests. Impact-tension tests are also sometimes
made. In the three machines mentioned above enough en-
ergy is stored in the raised pendulum to break the specimen
with a single blow. Impact tests using repeated blows
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to fracture the specimen are also made. A well known
machine for making such tests is the Stanton machine.

IrON . For the distinetion between iron and steel, see Steel.

Izop TEST . See Impact Test.

LoGARITHMIC COGRDINATES . . . Coordinates for plotting results of tests in
which the scale used is proportional to the logarithms of the
values plotted. Logarithmic codrdinates have been found
useful in plotting the results of repeated-stress tests.

MARTENSITE . See Metallography.

MARTENSITIC .
METALLOGRAPHY .

See Metallography.

Metallography deals with the physical state and the proxi-
mate constituents of a metal or an alloy. It has to do
with the physical grouping, distribution of constituents,
and relative dimensions of the substances as revealed by
microscopic examination. It may be characterized as a
study of the anatomy of metals.

Steel is an alloy the essential constituents of which
are iron and carbon, the latter being the controlling ele-
ment. The carbon exists in steel as a carbide of iron,
Fe,C, to which the name cementite is applied. The free
iron or ferrite, together with the cementite, has the power
of forming a conglomerate called pearlite, a very intimate
mechanical mixture composed of about 7 parts of ferrite
to one part of cementite. If molten iron is cooled there
is formed first a solution of carbon in molten iron, then
as the metal solidifies the carbon exists as cementite in
solid solution in the iron. This solid solution is called
austenite, and it crystallizes into imperfect crystals or
grains. With further cooling the steel passes through a
critical or transformation range of temperature (extreme
range about 1650 degrees F. to 1250 degrees F.), and the
two constituents of the metal pass successively through
several transition stages, namely: martensite, in which long
needle-like crystals are formed, giving a very hard and
brittle substance; troostite, in which dark colored masses
resembling sorbite (see below) are surrounded by a ground-
work of martensite, the troostitic state yielding a sub-
stance hard but tougher than the martensitic; sorbite, in
which cementite and ferrite are in a state resembling an
emulsion, yielding a substance fairly hard and very tough;
and pearlite, in which ferrite and cementite exist, usually in
stratified layers or bands. If the steel has a carbon content
of about 0.90 per cent all the grains will be pearlite; if
the carbon content is lower than 0.90 per cent there will
be grains of pearlite and grains of ferrite; if the carbon
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MICROGRAPH .

MILLIVOLTMETER .

Non-FErRROUS METALS

OVERSTRESS .

PEARLITE
PEARLITIC .
PYROMETER

RANGE OF STRESS .

REPEATED STRESS

content is greater than about 0.90 per cent there will be
grains of pearlite and grains of cementite.

The presence of carbon or of other alloying elements
slows down the process of transition. By varying the rate
of quenching steel the transition process may in general
be halted at any desired stage, and the resulting cooled
steel may be given any desired characteristic strueture.
See Heat Treatment, Micrograph.

Micrographs are obtained by polishing the surface of a
metal, etching the polished surface with a suitable reagent
to bring out the metallographic structure, then reproduc-
ing, usually by photographic methods, the appearance of
the surface as seen through a microscope. Photomicro-
graph and microphotograph are terms sometimes used for
micrographs made by a photographiec process.
An electrical instrument for measuring small electric po-
tentials. Used for measuring the small voltages of thermo-
couples developed by changes of temperature.

Metals in which iron is not a constituent, or is
only present in very small quantities.
Stress above any given limit of safety, used in this bul-
letin in general, to denote’ stress above the endurance limit.
See Metallography.
See Metallography.
An instrument for measuring high temperatures. In this
investigation the pyrometers used were of the thermo-
electric type, which utilizes the electromotive force gen-
erated by a junction of two dissimilar metals when exposed
to heat. In each pyrometer there were two junctions each
made by welding together wires of the two dissimilar
metals, platinum and platinum-rhodium for example.
One junction is then exposed to the temperature to be
measured and is called the hot junction; the other june-
tion, which is opposed to the first-named junction, is kept
at a constant temperature and is called the cold junetion.
A millivoltmeter, or other instrument for measuring elec-
tromotive force, is attached by conductors to the free ends
of the opposed junctions, and by its reading indicates the
electromotive force gemerated and hence the temperature
of the hot junction.
See Repeated Stress.
This is the general term used to denote any regular vari-
ation of stress applied to a member a large number of
times. Repeated stress includes variations in magnitude
of stress in one direction, variations from stress in one
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direction to a smaller stress in the opposite direction, and
variations from stress in one direction to equal stress in
the opposite direction. This last-named case of repeated
stress is called reversed or alternating stress. In repeated
stress the periods of variation are repeated again and
again, and each complete period of variation is called a
cycle of stress. The algebraic difference between the maxi-
mum stress and the minimum stress during a eycle of
stress is called the range of stress.

SHEAR, SHEARING STRESS . . . See Stress.

St BAnDs, Spip LiNes . . . Minute cracks which, under the action of de-

S-N DIAGRAM.

SORBITE .
SORBITIC
SraTic TEST .

STEEL

STRESS .

TESTING MACHINE .

structive repeated stress, form within the erystals of metal.
See Fig. 46.

A diagram showing the results of a series of repeated-
stress tests. Values of unit stress are plotted as ordinates,
and values of corresponding numbers of cycles of stress
to cause failure are plotted as absecissas. In this bulletin
logarithmic codrdinates have been used for plotting S-N
diagrams.

See Metallography.

See Metallography.

A test of a specimen in which the rate of application of
load is so slow that it may be regarded as zero. The term
refers in general to a test made with an ordinary testing
machine.

The term steel is used to denote any ferrous metal with
a carbon content less than about 1.7 per cent, which is
made by a process involving complete fusion. Thus in
this bulletin Steel No. 9, which chemically is almost pure
iron, and which is called Armeo Iron. by the manufac-
turers, is designated as 0.02 carbon steel. Wrought iron
has a low carbon content, and is made from a pasty mass
at a temperature below complete fusion. Ferrous metals
with a carbon content higher than about 1.7 per cent are
called cast iron.

An internal force which resists the destructive action of
external force. Stresses are always accompanied by
strains or deformations, and there are tensile stresses,
compressive stresses, and shearing stresses. Torsion on a
specimen is resisted by shearing stress. At any point on
a stressed member the stress per unit area is called the
unit stress. Sometimes the term stress is used to denote
unit stress.

In general, any machine for applying stress to specimens
of material, and measuring the applied stress. The term
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TOUGHNESS

TROOSTITE .
TROOSTITIC.
TwIsTING MOMENT.

is ordinarily applied to a machine for applying stress at
a slow rate and measuring the stress by means of a weigh-
ing scale.

In this bulletin the term toughness is used to denote a
combination of strength and ductility in a material.

See Metallography.

See Metallography.

The twisting moment on any cross-section of a member in
torsion is equal to the sum of the twisting moments of the
forces acting on one side of the cross-section. See Bend-
ing Moment.

UrriMATE TENSILE STRENGTH . . . The highest unit stress carried by a tension

specimen in a test to rupture. In computing ultimate
tensile strength the original area of cross-section of the
specimen is used.
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portant piece of research in the fatigue of metals has been reported from the .British Na-
tional Physical Laboratory by H. J. Gough. This report is given in The Engineer, London
August 12, 1921, and an abstract is given in ‘“Mechanical Engineering,” October, 1921.
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