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ABSTRACT

Studies have been conducted to evaluate the
low~cycle high-stress fatigue behavior of several
gship steels under a variety of loading conditions. On
the basis of these tests and related studies reported
in the literature a general hypothesis describing the
cumulative effect of plastic deformations has been
developed. With this hypothesis the deformation ob-
tained in a single loading may be used todescribe or
predict the basic low-cycle fatigue behavior of mild
steels for lives up to approximately 1,000 cycles.
Furthermore, limited correlations with existing data
from other investigations suggest that it may also be
possible to extendthe hypothesisto metals otherthan

steel.
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I. INTRODUCTION

1. General Problem

For over one hundred years inveshbisators have been obtalning latigue
deta from specimens of various configurations, made of numercus types of
materials, and under many different test conditions. As a result, a vast
amount of data are available. However, most of these data are for specimens
that Tailed only after a great many applications of load.

Although fatipgue failures generally occur in members that are
subjected to many applications of relatively low nomingl stresges, unusually
high stresses may occasionally be encountered in some structures and result
in failure at a relatively small number of cycles. In such cases the stresses
or strains will no doubt be large, generally sufficient to cause yielding.
As a result, the question of high-stress low-cycle fatigue has become
important in many fields.

During the last two decades a large amount of information on the
low-cycle fatigue behavior of metals has been publiShed(l) , the distinction
between low-cycle and long-life fatigue being made arbitrarily on the basis
of the number of load applications to failure. The upper Llimit of life in
low cycle Tatigue has generally been selected by various investigators to
lie in the range of :LOlF to lO5 cycles. On the other hand, the lower limit
of life in a low-cycle fatigue test is the static tensile test which is
found to be represented as 1/%, 1/2, 3/k or one-cycle depending upon the
stress-cycle (or strain-cycle) studied or the individual investigaltor's

interpretation or preference.
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Since the boundary between low-cycle and long-life fatigue is
arbitrarily defined, no precise distinction can be made between these two
designations. Furthermore, in low-cycle fatigue tests the loads are generally
controlled in terms of either load, stress or deformation. For this reason,
all low-cycle fatigue tests need to be further identified as constant-load,
constant~stress or constant-deformation tests. Althoush most studies have
been conducted with either constant-load or constant strain tests, a limited
number of exploratory tests have been conductedcg) by controlling limits of
"true stress.” 1In spite of the fact that extreme care was exercised in
monitoring these "true stress” limits, a relatively large scatter was obtained
in the test results due to the difficulty of controlling the "true stress."

In general the results of constant-load low-cycle fatigue tests
arc presented in the form of conventional s-n curves where ¢ and n are
respectively the maximum engineering stress or stress range and the corre-
sponding 1life of the specimens. Althoush the shape of a typical s-n curve
for low-cyecle tests can be qualitatively described, it is difficult to make
any precise analysis of the test results at the lower numbers of cycles.

On the other hand, the results of constant-deformation low-cycle fatigue
tests have shown consistently that a linear log-log relationship exists
between the change in deformation and the number of cycles to failure.

Empirical relationships have been developed to describe the effect
of fully-reversed cyclic strain on the low-cycle fatigue life of metals.
These relationships, however; are not suitable to analyze the data of low-
cycle fatigue tests in which the cyelic changes in plastic strain are not
fully-reversal. In the latter type of test the total plastic strain at

failure is found to increase with the number of cycles.

2. Object and Scope

The current resesrch program was initiated to investigate the behavior
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of ship steels under low-cycle fatigue conditions. To achieve this objective,
the program has been divided into the following four phases: (a) a review of
available information in this Tield, (b) studies of swall coupon-type specimens,
{c) studies of notched plate specimens, and (d) studies of welded specimens.

This report suwmmarizes the work done on the second phase of this
project, namely the studies of the low-cycle fatigue behavior of small coupon-
type specimens. The primary purpose of this phase of the program is to develop
a general low-cycle fatigue hypothesis and, in the process, to conduct limited
studies on a number of the factors which may affect this hypothesis, such as
type of test, mode of failure, material, specimen geometry and load cycle.
Congequently, many of the parameters discussed in this report will not or can-
not be evaluated fully. Nevertheless, they have been evaluated insofar as
possible and often related to other similsr information in the literature.

In the program three types of tests, namely one-cycle, cyclic load,
and cyclic deformation tests, were carried out on eleven types of specimens
made of ABS-C normalized, ABS-C as-rolled, and a rimmed steel. Approximately
240 specimens were tested under a variety of loading conditions.

On the basis of a study of published work on low-cycle fatigue, a
general hypothesis was developed to describe the cumulative effect of plastic
strains on the low-cycle fatigue behavior of metals. This hypothesils takes
into account such factors as the compressive plastic deformation, the tensile
plastic deformation, and the number of cycles to failure, and has been
verified by test data of the present investigation. In addition, limited
correlations with published test data from other types of low-cycle fatligue
tests on aluminum alloy 2024 were made and indicate that it may well be

possible to extend the hypothesis to metals other than mild steel.
3.  Acknowledgement
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II. DESCRIPTION OF TEST FROGRAM

4. Materials and Specimens

The materials used in the test program consist of the followlng:
(a) ABS Class C normalized steel (designated as CN-steel), (b) ABS Class C
as-rolled steel (designated as CA-steel), and {c) A rimmed steel (designated
as E-steel)u 411 materials were recelved in the Torm of B/M—ln, thick,
6°-0 x 10'-0 plates. The chemical composition and mechanical properties of
these materials are listed in Table 1.

Eleven types of small coupon specimens, designated as C-1, C-2,
C-21, C-2A, C-2Al1, C-2B, C-3, B-1, R-2; 8-1, and 5-2, were used in this test
program, The letters "C", "R", and "S8" denote Circular, Rectangular, and
Square cross-sections respectively. The numerals following the letter denote
the specimen profile: "1 indicates a constant cross-section over 2-in. gage
Jength, "2" indicates a redvced cross-section at the mid-length of the
specimen, "21" and "PAl" indicate a constant crosg-section over the center

1/2-in. of the specimen, and "3" indicates a constant cross-section over the
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TABLE 1. SUMMARY OF MATERTAL PROPERTIES.

(a) Tensile Test Data (Type C-1 Specimens)

. Yield Stress, Ultimate Elongatioﬁ True Fracture True Fracture
Material Ksi Strength, 2 in.-gage length Stress, Strain,
Upper Lower ksi ksi percent percent
CA
(Avg. of
7 tests) 4.2 Lo.2 70.6 Bl 5 137 gL
CN
(Avg. of
8 tests) 48.6 U6.8 68.7 35.9 143 105
E
(Avz. of
L tests) 38.3 33.5 59.% 35.6 120 98

(v) Chemical Composition - percent (check analysis)

Material* c Mn P S gi Cu Cr i Al
CN and CA 0.2k 0.69 0.022 0.0%0 0.20 0.2 0.08 0.15 0.034%
B 0.2) 0.34%  0.019 0.030 0.01 0.18 0.12 0.19 0.003

* CN - ABS~C Normalized Steel
CA - ABS-C As~-rolled Steel
B - Rimmed Steel

center 1/4-in. of the specimen. Details for all types of specimens are
shown in Figs. 1, 2, and 3.

The type C-. specimen is the standard AST™M 1/2-in. diameter tension
test coupon and was used to obtain the engineering properties of the materials.
The type C-2 specimen was the principal type of specimen tested. The reduced
central section localized the deformation and readily permitted measurement

of the minimm cross-sectional area. The type C-2 specimen has a circular
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FiG. 1.

DETAILS OF SERIES 1 AND 2 SPECIMENS.

curvature of l-in. radius at the test section, while the type C-2A and C-2B

specimens have corresponding radii of l/8-1no and 3-in. respectively. The

theoretical stress concentration factors for the types C-2, C-2A, and C-2B

specimens are 1.10, 1.68, and 1.03 respectively. The type C-3 specimens

were used only %o determine the zero-to-tension s-n curve at long lives for

Cl-steel.

Specimens with a rectangular or square cross-section were used to

provide an indication of the influence of the shape of the cross-section on

the low~cycle fatigue behavior.

In the initial stages of this investigation, most specimens were

made with threaded ends.

lLater, when two specimens which had been subjected

to large pre-compressive straing failed in the threaded section, specimens

with flat pin ends, as shown in Fig. 3, were adapted to protect against such

faillures.

In testing the pin ended specimens, tensile forces were transmitted
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PIG. 3. DETAILS OF TYPES C-2, C-21,
C-24, AND C~2A1 SPECIMENS.

through the pin-connections and compressive forces were applied to the
machined flat ends.

All specimens were polished with four grades of polishing cloth:
No. 120 X metalite cloth, medium grade emery cloth, No. 320 emery cloth, and
crocus cloth. In the initial period of this test program a few specimens
made of CNl-steel were polished in a circumferential direction. Hewever, the

remaining specimens were longitudinally polished.

5. Testing Equipment

Two hydraulically-operated universal testing machines; & 60,000-1b
and a 120,000-1b testing machine, were used for static tensiom tests,
"one-cycle" tests, part of the cyclic load tests, and most cyelic strain tests.

A 10,000-1b universal fatigue testing machine was used for the long
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life zero-to-tension fatigue tests. The machine 1s a constant-load type in
which the mean stress is applied through a static loading system. The
alternating stress is obtained from the centrifugsl force that is produced
with an adjustable eccentric weight revolving at a constant speed of 18C0 rpm.
A 50,000-1b Illinois lever-type fatigue %esting machine, see Fig. L,

was used for the reversed load fatigue tests. A set of special reversed-load

FIG, 4. 50,000-POUND
ILLINQIS-TYPE FATIGUE
TESTING MACHINE,

pull-heads were used to transmit the loads to the test specimens. These heads,
shown in Figs. 5 and 6, transmit tensile forces through pin-connections and
compression through bearing on wedging compression blocks, which bear on the
flat ends of the specimen.

An optical device was used to obtain the initial diameter of the test
specimens. To meagsure the diameter of the specimens during the tests, several
small diameter-measuring devices were used. In the static tests dial-type
diameter gages were used. For the fatigue tests a special diameter gage was
fabricated with SR-4 strain gages to provide a measure of the changes in
specimen diameter. The output of these gages was linearly proportional. to the

diameter change and provided a strain increment of one microinch per inch for



FIG., 5. REVERSED-LOAD PULL-HEADS
WITH A TEST SPECIMEN IN
POSITION.
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each 0.00016 in. change in specimen diameter. Special recorders were used o
record similtaneously the variation of gpecimen diameter, the lcad, and the

duration of the tests.
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6. Description of Tests and Test Procedures

A. One-Cycle Tests
If the fatigue life dis defined as the number of tensile load appli-
cations to fTallure, the lowest possible mumber of cycles in any fatigue tests
is "one." In the zero-to-tension fatigue ftests, the "one-cycle" tests is a
static tension test and, similarly, in reversed-load fatigue tests the
"one-cycle" test is simply a tension test of specimens that have been pre-

compressed. In the present report, these are all referred to as "one-cycle”
P P 5

tests.
o
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In the early stages of the investigation it was found desirable to
evaluate the data in terms of the true strain. To obtain such data for
“one-cycle” tests the strain calculation procedure illustrated in Fig. 7

was used. In the virgin state, the test section had an original dlameter
of do and a plastic true strain of zero. After a plastic compressive loading

the test section was enlarged and possessed a new diameter, dc’ and a
corresponding plastic true strain of I At this stage, some of the speclmens
were re-machined to their original size and shape. These specimens with a new
dizmeter, dr’ are assumed to possess a plastic pre-strain of Qaq e The specimens,
either in the as-compressed or in the re-machined condition, were then loaded

in tension to fracture. The specimen diameter at the fractured section, df,

was used for the computation of the plastic true strain at fracture, Ayq o and.
the tensile change in plastic true strain, Aqtlu

(3)

The true strain, g, as presented by MacGregor -’ may be computed

from area messurements by the following relationship,
A dA Ab
1=-J, T T (1)

where AO and A are respectively the original and the instantaneous areas of
the specimen. DBy definition, true strain refers to a localized deformation
over a given cross section while enginesring strain represents an average
of the gross deformation over a given length. Since failure in low-cyele
fatigue is generally a localized phenomenon, the true strain is considerad
to be a betber representation of the plastic deformation at the critical
section than the engineering strain and will Pe used in this study.

After a specimen has been pre~compressed the plastic true pre-

compressive strawn, from Eg. (1) will be,

AO
=En~1—\;:2ﬁn-—- (2)
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Then, if the specimen is loaded in tengion +to fracture, the plastic true strain

at fracture iz found to be,

AO dC.')
q_tl=2n~A—f—=2£1’l'(§ (3)

A 4.
Aqyy = In K; =2 In (")

When a re-machined specimen is used for this purpose the corresponding relation-

ships will be,

Ar Ao dr do
=tn-> .. 20y L, 2 (5)
%1 A, &, a. " q
and
Ar dr
Aqtl—ﬂn-%ZQIﬂaE (6)

A1) "one-cycle" tests were conducted on type C-2 specimens. To

prevent buckling of the test section at the extremely high compressive loads,

a special "sleeve and slide" assembly was used. The specimen was tested by

(a) inserting short sieel pins into the pin-holes at both ends of the specimen
to prevent excessive deformation of the holes, (b) placing the specimen at the
center of the "slide" blocks, with small copper shims filling the space between
the specimen heads and the inside wall of the "slide" blocks, and (c¢) Fitting
the asgembly into the "sleeve" and then loading to the desired deformation.

A picture of a specimen in the "slide" blocks and the "sleeve™ is shown in

Fig. 8. The entire assembly was then centered in the testing machine and a

dial-type diameter gage set in a position to measure the diameter of the gpecimen

at mid-length. This measurement would be approximate because the material is
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FIG. 8. "SLEEVE AND
SLIDE"
ASSEMBLY .

FiG. 9. TYPICAL PRE-COM-
PRESSED SPECIMEN
SHOWN ON THE
LEFT OF A VIRGIN
SPECIMEN.

not isotropic and the plastically deformed test section may not remain perfectly
circular in shape. However, when the specimen was removed from the "sleeve and
glide" assembly, the diameter of the specimen was again measured in two perpen-
dicular directions with the optical dismeter-measuring device and the average

of these measurements was used as the basis for the plastic true strain
computations.

In general, the specimens remained relatively straight and true during
the pre-compression loading. A typical pre-compressed specimen (qcl = 51%) is
shown in Fig. 9 along with a virgin specimen. After the specimens were
plastically pre-compressed to various degrees, the short pins were removed
from the pin-holes of the specimens and the holes reamed with a 5/4-in.
standard reamer. The re-machined specimens were then re-processed in the same
manner as the original specimens. The subsequent tension tests were conducted
using the "slide" blocks as pull-heads. After the specimen failed, the
dismeter at the fractured section was again measured with the optical dlameter-

measuring device to determine the tensile change in plastic ftrue strain.
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B. (Cyclic Load Tests

In the cyelic "load" tests, the load limits in every cycle were
maintained constant throughout the test. When the specimen could no longer
carry the required maximum load in the test, the specimen was considered to
have "failed." Approximately 100 specimens were tested in his manner at
two stress ra{:ios, l.e., R, = 0 and -1, the stress ratio, R, being delined
ag the ratio between the cyclic minirmum engineering stress and the cyelic

maximum englneering stress.

All low-cycle constant load fatigue tests on a zere stress ratio, i.e.,
zero-to-tension, were carried out in a 120,000-1b universal testing machine.
For the series 1 specimens a continuous record of load and slongation, as shown
in Fig. 10, was obtained using a 2-in. gage-length extensometer. However, for
most of the series 2 specimens, a record of the changes of dlameter of the
minimum section was obtained with the special diameter gape.

In several of the tests of type C-2 and C-2A specimens the load was
adjusted and maintained at a level slightly less than the usual ultimate
strength. This load was maintained until the specimen was deformed to such
an extent that it could no longer carry the load. A record for such a test
is shown in Fig. 11. A few type C-2 and C-24 specimens were also subjected to
intermittently sustained cycles of load, the periodic loading and unloading
cycles being patterned so that the time at maximum load remzined constant for
each cycle during the life of a particular specimen. A typical record of- the
load and the change in diameter with respect to time, for one of these tests,
is shown in Fig. 12. The type C-3 specimens were tested al a speed of
1800 cycles per minute to obtain a conventional long-life zero-to-tension
s-n curve for the CN-steel.

The cyclic "load" tests in reversal and at extremely high stresses
were conducted in a 60,000-1b universal testing machine with a test procedure

similar to that described previously for the "one-cycle” tests. In scme cases,
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the specimens were tested with the first load applied in compressilon and in
other cases with the first load applied in tension. The spacimens were then
subsequently subjected to congtant alternating loads until failure occurred.
Measurements were taken of the specimen diameter after each loading to
determine the corresponding change in strain.

Thirty-four specimens (Type C-2, C-21, C-2A and C-241) were tested
under reversed-load in the Illinois-iype fatigue testing machine. After a
specimen was placed in the machine, the desired load limits were set and the
load was applied manually for the first 10 eycles or until the load limits were
stabilized. The machine was then run at a cyclic rate of 40 rpm. However,
at short Intervals, the wmachine was stopped and the load checked and readjusted
when necessary. During the tests, a magnifying glass was used to establish
and observe the initiation of the fatigue cracks. In general, several cracks
were found to develop at about the same time. These cracks then propagated
slowly until some of them merged to form a larger crack. Therefore, the

fractures often exhibited a zig-zag or step appearance at failure.

C. Cyclic Deformation Tests
To study the effect of cyclic compressive deformation on low-cycle
fatigue behavior, cyclic strain tests were conducted at constant values of
relative-strain ratio, defined as the ratio of the cyclic compressive change
in plastic deformation to the subsequent tensile change in plastic deformation.
A relative-strain ratio may be expressed in terms of engineering strain or

true strain, as follows,

AEC
r o= — (7)
bey

(8)
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Cyclic strain tests were conducted at constant relative-strain
ratios of -1/k, -1/2, -3/4 and -1. The corresponding strain cycles are

illustrated in Fig. 13 where only the limiting values of plastic true strain
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at the maximum tensile and compressive load applications are presented. Prior
to the start of a test the desired iimits of diameter for each cycle were pre-
determined from a given combination of r and aq, - The tests were then conducted
with a procedure similar to that used for the "one-cycle” tests.

A number of the specimens subjected to the lower strain ranges and at
a relative gtrain ratio of -1 were tested in the Illincis fatigue testing
machine. In these tests, the special diameter gage was mounted on ‘the minimum

gection of the specimen throughout the test. The electrical output of the
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gages and that of the load dynamometer of the fatigue ﬁaehiﬂc were regpectively
recorded on an ¥-Y recorder. The fatigue machine was manually controlled to
apply either tension or compression. When the change in the specimen diameter
approached the selected value, A4, the machine was stopped and ran in the
reverse direction until the specimen diameter was reduced to a value close to
the oripginal diameter, doa The specimen was cycled in this mamner between
diameter limits of do and do + Ad until the specimen fractured. A typical
stress~diameter diagram is shown in Fig. 1%. Due to the inertia of the
» testing machine, the change in material properties, and the effect of the
elastic recovery of the gpecimen, it was difficult to cycle the specimens
within precise diametrical limits. Nevertheless, it was Tound that the

change in diameter varied no more than a few percent from the desired value.

100
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=120

FIG, 14. TYPICAL STRESS VS, DIAMETER DIAGRAMS.
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IT1. DESCRIPTION AND ANALYSIS OF TEST RESULTS

T. One-~Cycle Tests

The results of all one-cycle tests are presented in Table 2 in terms
of englneering stress, true stress, and true strain. Some of the gpecimens, 1t
may be noted, were re-machined after the compressive loading while others were
not. lNeverthelegss, there does not appear to be any significant difference in
the results obtained from the two types of specimens.

In the one-cycle tests with no pre-compression, i.e., simple tension
tests, true stress-true gtrain diagrams were obtained for specimens of CN, CA,
and E steels and are shown respectively in Figs. 15, 16, and 17. It may be
seen that the curves for both C-steels are similar although the CA steel
specimens failed at a lower strain value than the CN-steels specimens. The
o-gq curve for E-steel lies below the other two curves by & considerable amount,
However, the plagtic true strain at fracture for the E-steel specimens was
5lightly greater than that for the CA-steel and about the same as that for
the CN-steel.

The "“cne-cyele”™ variation of tensile change in plastic true strain,
agtl, with respect to the plastic true pre-compressive strain, Ae 2 is plotted
in Figs. 18, 19, 20 and 21 respectively for types C-2 and C-2A specimens of
CN-steel, type C-2 specimens of CA-steel and type C-2 specimens of E-steel.

In Figs. 22, these data, in terms of true strains, are all summarized and
plotted together in nermalized form. Tt appears that in general Agtl’ the
tensile change in true plastic strain at n = 1, decreases with an increase in
pre-compression. However, the effect of the pre-compression on the tensile
change in plastic strain is not the same for the different materials. AL

the smaller values of pre-strain the specimens of CA and CN-steel exhibited
little change i1 the tensile change in true plastic straln while the E-steel

specimens gave s continual decrease with an increase in the pre-compression.

Nevertheless, at pre-compression stralns greater than about L0 percent the rate
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TABIE 2. SUMMARY CF "ONE-CYCLE" TESTS

Specimen Re-Machined Engineering Stress, ksi Truc Stresg, ksi True Strain, percent
No. MaxcImum Tension Maximum Tension Compression At Fracture
Com i t B i a4 Ad.
Compression (At Fraeture) Comﬁgzzslon (At Fracture) 4 q, B4y
SC SU. O’C CJ‘f
C-2-CN3 No 0 T6 0 146 0 85 85
C-2-CN15 No 0 7 0 bl o] 86 86
C-2-CN29 Yo 0 76 0 139 0 86 86
C-2-CN30 No o 76 o] 146 o] 88 88
C-2-CH6k No 0 7 0 152 0 83 83
C-2-CN11k No 0 76 0 L43 0 84 8l
C-2-cN123 No -69 8z -66 14k -5 8z 87
C-2-CNLLO® No =70 79 =70 1k2 -6 78 84
¢-2-CNL20. No -84 83 -78 143 -8 7T &8s
C-2-CNL19 No -99 86 -85 L2 -12 T2 8y
C-2-CNL34#* Yes -100 90 -89 140 -12 TL 83
C-2-CN126% No -99 90 -88 13 -1z T2 84
C-2-CN128+% Yes -118 104 -97 1hh ~20 65 85
C-2-CN1L25* No -119 108 ~96 e -21 63 84
C-2-CNLEL. No -127 109 ~99 145 -25 62 87
C-2-CI18 o -139 116 -104 146 -29 55 8h
C-2-CNL39* No =157 119 -102 146 -30 54 8L
C-2-CNL36% Yes =139 121 ~103 1hi -30 55 83
C-2-CN127* Yes -158 139 -107 149 -40 Ll 8L
C-2-CN13T# Yes =172 150 ~109 15k =44 4o 86
¢-2-CN1L29 Yes -188 155 bk 148 -48 29 7
C-2-CN523 Yes -201 168 -7 157 -5l 27 81
C-2.CN122 o -l62 127 Failed in Threads
¢-24-CN156 No 0 96 0 157 0 60 60
C-24-CN30% No ~77 98 -75 152 -2 57 o9
C-24-CH30L No -100 101 -95 157 -6 57 63
C-2A-CNA0T Mo -128 112 -113 19 -13 L =7
¢-24-CN309 Ho -14kL 121 -121 140 -17 28 Ly
C-2A-CN3%05 No -150 1ok Failed in Threads
C-2-CA2 No o] 79 0 140 0 77 7
C-2-CA10 No 0 78 0 1hy 0 T T
C~98-CALOL No 0 79 0 128 0 T T
C-2-CA109 No 0 8 0 1Lo 0 78 T8
C-2-CA111 No -92 7 -84 1k -9 0 9
C-2-CALL No -117 102 -97 1k -1 1 0
C-~2-CALD6 Yes -130 114 ~101 146 -25 6 81
C-2-CAD Yo -1l 101 -105 145 -30 7 17
C-2-CALS No -159 134 -109 L5 -38 3 7
C-2-CALLL Yes -155 135 -107 157 e} 5 T
C-2-CAL07 Yes -18§ 163 ~113 150 -51 25 4
C-2-CA105 Yes -216 179 -119 151 -39 10 9
—o- 0 0 125 o] 2 2
g-g-gfo gg 0 gﬁ 0 12 o] 5 5
C-2-F10L No 0 65 o] 125 0 85 85
C-2-E109 Ne 0 62 0 ig 0 95 9
C-2-BLh No -80 & -ge 11 =11 b3 g
(-2-E103 No -102 ) -83 12k -21 %) 1
C-2-E8 No -126 107 -92 127 -31 47 78
C-2-EL15 Yes -142 122 -95 129 -lo 36 76
C-2-ELl No -142 lze -95 13 ) 34 h
C-2-F12 No -169 141 -101 125 -52 20 72
C-2-E115 Yes -169 141 -10k 152 -49 20 69
C-2-E116 Yes -202 168 -107 134 -65 N 67

*The specimen wss artificislly aged at 15000 for 90 minutes before the tensile test.
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Tigures it is evident that the total plastic strain necessary to cause fracture

alter g compressive pre-straining will be a function not only of the pre-

compression but also a function of the material.
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demonstrate that, although the plastic true tensile strain Uy based on the

original dimensions of the specimens, decreased markedly with the magnitude of
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the pre-compression, the total change, Agtl,‘did not vary significantly for
pre-strains as high as 40 percent.

From an examination of Figs. 18 and 19 it may be seen that the geometry
of the specimen may also have a marked effect on the relationship between the
pre-compression and tensile strain to failure. The type C-2A specimen with a
small (1/8 in,) radius failed at much smaller plastic true strain than did the
type C-2 specimens with a l-in. radius.

The one-cycle test data may also be considered in terms of engineering
stresses, as shown in Fig. 23. Here it is found that the pre-compression
affects the ultimate tensile strength when the pre-compressive sbtress exceeds
the basic tensile strength of the material., However, it must be remembered
that the area changes as a result of the plastic deformation in pre-compression

and affects markedly this relationship.

8, Cyelic Load Tests

Zero-to-Tension Tests. All low-life specimens subjected to zero-to-

tension loadings (constant maximum load) were tested with very high loads in

a manually operated universal testing machine. The cyclic rate for most tests
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was approximately one cycle per minute. The C-3 specimens (used for long life
tests) were tested in a Sonntag fatigue testing machine at a speed of 1800 cpm.
The results of these zero-to-tension fatigue tests are listed in Table 3.

A complete s-n curve for unnotched specimens (types C-1 and C-3) of
CN-steel is shown in Fig. 2L, It is to be noted that type C-1 specimens were
tested at a speed of 1 cpm while type C-3 specimens were tested at a speed of
1800 cpm. Nevertheless, this diagram serves to indicate the general zero-to-
tension fatigue behavior for the CN-steel and provides a fatigue limit for
this material of approximately 52,500 psi at a life of between 106 and lO7 cycles.

Conventional s-n curveg for geries 1 and 2 specimens of CN-steel were
also obtained and are shown in Fig. 25 for lives of less than 1,000 cycles. It
iz found that there was no significant difference in behavior for the various
cross-sectional shapes (round, square or rectangular). However, a reduction in
the radius at the test section, although providing an incresse in theoretical
stress concentration, provided also an increase in the fatigue resistance of
the members at the short lives. This effect is just the opposite of that which
8 notch produces in the fatigue strength at longer lives. Again, it is seen
“hat the geometry of the specimens (that producing a stress concentration) has
an effect on their behavior.

A further evaluation of the low-cycle fatigue data, based on the true
stresses at the first as well as the last maximum load is presented in Fig. 26
along with the relationship for the maximm engineering stress for type C-2
specimens. The divergence of the true stress curve in this diagram illustrates
that during the tests there was more change in the cross-sectional area of the
test specimens subjected to the lower loads (longer lives) than in the specimenc
subjected to the higher loads, a condition that is generally noé expected in

fatigue. It mist be remembered, however, that this behavior is for lives only

up to approximately 10O cycles. Under long-life low-stress conditions the true

stress curves can be expected to converge to the engineering stress curve. Thus,
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TABLE 3. SUMMARY QF ZERO~TO-TENSION LOAD FATIGUE TEST DATA

Specimen No. Maximum Cycles Strain at
Engineering Stress, to Failure, First Max. Load, %
ksi, s n
C.1-CN1 68,5 1 20.0
C-1-CN%L 68,4 i 20.0
C-1-CNh3 6.1, 632 8.3
C-1-CIfk0 68,4 18 12.0
C- 2-CN29 75.9 1 25,5
C~2-CN33 2.9 75 12.5
C- 20158 76.0 18 17.5
C~2-CN59 Th.6 53 b5
C-2-CNLO% 79.4 5 17.2
Q-2-CNLOM 8.5 10 15.0
C- 2-CIL05 75.0 96 10.2
C~2-CITLO6 75.8 oL 10.2
C-~2-CILOo7 79.3 3 24.0
C-2-CN108 T0.7 550 8.5
C-2A-CN156 95.5 1 22,0
(=2A-CN15T 95.0 1 20.0
C-2A-CHL58 93.8 Eal 12.0
C-2A~CNL59 95.6 10 16.0
C-2A-CN170 91.0 55 10.5
C~2B.-CN160 1.9 1 22,0
C-2B-CN161 4.5 7 i7.0
¢-2B-CN162 5.0 27 14,0
C=3-CN1h42 50.0 10,088 ,000%
C-3=CHLES 52.0 10,000,000%
C-3-CIHLL5 59.0 4,000
C-35-CN14T 5%.0 2,71%,000 Tested at 1800 cpm in
C-3-CH143 60.0 8,000 Fatisue Testi
C-3-CN149 58.0 528,000 ahigue lesting
€. 3-CIL50 56.0 750,000 Machine (*No Failure)
(% C151 54.0 L4a7,000
¢-%-CNL52 57.0 257,000
C-3-CN154 52,5 10, 547 ,000%
Cr3-CNL55 52.8 6,504,000
R~1-CHE 69.4 20 15.5
R-1~-CN26 68.8 L) 11.2
R-1-CN50 67.7 7 16.6
R-1-CNE2 68.9 1 20,0
R-2-CNk 77.8 1 2%,6
R-2-CN6 7.5 10 16.7
R-2.-CH1Q 76.0 4s 1.4
R-2-CN16 Th.2 92 9.0
5-1-CN32 67.9 N 18.0
S-l-cmﬁh 70.0 1 20,0
5-1-CNS6 68,7 20 1h.2
$5-2-CN5 75.5 34 13.0
S-2-CN11 4.9 60 12.0
$-2-CN17 76.5 1 25.5
5-2.CN18 76.3 25 13.5
S 2-CHL6 75.0 146 9.5
S-2.CNLT 78.5 5 18.3
5-2-CHLE. 78.5 4 19.3
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& marked change or transition in true stress behavior can be expected at an
intermediate 1ife and might provide a means of differentiating between plastic
low-cycle fatigue and long-life fatigue.

When plotted on the basis of engineering stress 1t is Tound that the
low-cycle portion of the s-n curve is rather flat. This flatness is more
proncunced for the plain specimens than for those which are noteched and suggests
that the maximum average stress is not a good discriminator of low-cycle life
in zero-to-tension fatigue tests. As a result, many investigators present low-
cycle fatigue data in terms of strain rather than stress. As shown in Figs. 27,
28 and 29 the strain (engineering strain for the series 1 specimens and true
strain for the series 2 specimens) at the first meximum load is a more gensitive
paremeter than the maximm engineering stress for the presentation of Tatigue
data for failure in less than approximately %00 eycles. Straight lines can be
used most effectively to represent the dats.

Test data Tor sustained maximum load Tatigue tests are listed in
Table k., Figure %0 shows the relationship between the initiel true strain at
the maximm load vs. the time at the maximum load for one-cycle sustained load

tests. Thus, typical of a creep-rupture relationship, the time to failure was
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founa to inerease logaritlmically with a decrease in the initial strain. Other
tests in this series were conducted under repeated loads. In Fig. 31 are
showil the load-time curve for three of the type C-2A specimsns (C—EA-CN 168,
C~RA-CI 166, and C-2A-CN 169) that were subjected to approximately the same
load, but with different lengths of time Tor the sustained maxipmm load. The
lives of ‘these specimens varied from 6 to 23 cycles as a result of varying the

time at the cyelic maximum load from 10 minutes to 1 minute. The relatlonships

TABLE 4. ZERO-TO-TENSION SUSTAINED LOAD FATIGUE TEST DATA

Specimen Maximum Stress Cycles Strain at Time per

o, to Failure, First Max. Load Cycle ut

ksi, s n % Max. Load,
Minutes

C-2-CNLO9 7L4.8 1.0 17.2 21..0
¢-2-CI11 75.1 1.0 19.0 7.5
Cw2-CHL12 T7.0 2,2 17.0 5.0
C-2-CI113 6.5 1.0 1T7.5 16.0
C-2-CI116 T4 5.0 18.0 2.5
(-2A-CN16% 95,4 1.0 21.0 0.5
C-2A-CN16L 9L. 4 1.0 135.6 Ly, 0
C-2A-CH1EY g92.2 1.0 16.0 6.25
C-2A-CH166 90.1 11..0 11.6 5.0
C-2A-CN16T 2.4 1.0 15.5 10.5
C~2A-CNLES 90,4 6.3 11.6 10.0
C-2A-CN169 89.8 25.0 11.5 1.0
& 100 I A I
g { ] FIG. 30. STRAIN VS,
& L | TIME AT MAXI-
50 — l ; : MUM LOAD IN
g0, | IEEE ] ONE-CYCLE
§ O S A RS IS ; | SUSTAINED
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between the time at the maximum load per cycle and the fatigue life for specimens
vith approximately the same initial true strains are shown in Fig. 32. It is
evident that the load pattern or length of time sustained at the maximm load
has a marked effect on the low-cycle fatigue life in the zero-to-tension tests
at a constant maximm load.

It ig generally found that the rate of cycling, if below approximately
3000 cpm, has no significant effect on the fatigue sirength of a member under
long-life fatigue. However, in the case of low-cycle fatigue it can be expected
that the loading rate, the magnitude of the load, and the lenzth of time that
the meximum load is sustained will all affect the behavior. Lower rates of
loading, higher loads and longer periods of sustained lcad will each tend to

reduce the number of cycles to failure.

20

T T T T T T T T0-2A-CN 168
10 /—\ ’ / f (—\
0 1 /| | i 1 i | 1 |
&0 T T ror T T T C-2A-CN 166

AT

Load, Kips

20 T T T T T T T

U i

o 20 Lo 60 g0 100
Time, Minutes

FIG, 31. LOAD-TIME PATTERN FOR SPECIMENS SUBJECTED TO INTERMITTENT-
LY SUSTAINED LOADINGS FOR TYPE C-2A SPECIMENS OF ABS-C
NORMALIZED STEEL,
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Reversed-Load Tests. The resulis of reversed-lcad fatigue tests for

several types of specimens prepared and tested in various ways are listed in
Table 5, and plotted in Figs. 33 and 34. In both figures, 1t may be seen that
the direction of the first loading (whether tension or compression) appears to
have a small effect on the fatigue behavior of types C-2 and C-2A specimens at
Jives less than 100 cycles. Figure 33 shows also the effect of the direction
of polishing; specimens prepared with longitudinal polishing had a somewhat
higher fatigue strength than those with transverse polishing. In the same
figure, it may be seen that there is no aging effect in the life region between
_'LO3 and ZI.OLF cycles for specimens aged at lives ranging from 1 to 500 cycles
and then tested to failure.

The low-cycle reversed load fatigue behavior of Types C-2A and C-2AL1
specimens is shown in Fig. 3%, The specimen with the higher stress concentration,
type C-2A, had a higher strengbh at n = 1, but gradually lost this advantage.

The fatigue resistance of the type C-2A specimens is found to be equal to that

of the type C-2A)1 specimens at a life of approximately lOu cycles, equal to that
of the plain type C-2 specimens at a life of approximately lO5 cycles and, at
greater lives, the fatigue resistance of the type C-2A specimens would bhe lower
than the others. This general behavicor is similar to the behavior obtained in
the zero-to-tension tests and similar to the behavior of notched specimens
tested and reported by other ilnvestigators.

In the reversed-load tests the specimen diameter was measured after
each loading and the corresponding true strains then computed. As a result,
strain histories of the type shown in Figs. 35 and 36 were obtained. It is
evident that in tests where load limits are maintained constant the pléstic
strain limits vary throughout the tests. In these particular tests, the plastic
true strain limits increased continuously with an increase in the number of
load applications and then exhibited a major jump to the ultimate plastic true

strain in the final cycles.
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TABIE 5. SUMMARY OF REVERSED-LOAD FATIGUE TEST DATA,

Specimen Stress Number of Cycles N,

No. Cyele N, N, -

ksi ¢ N Np
Visible Crack Failure
(Transversely Polished)
(=2-CNL20 + 83 (C)* - 1 -
€-2-CN138 T 78 (T)* - 2 -
C=2-CNL32 + 79 (C) - 4 -
C-2-CN135 + 74 (T) - 6 -
C-2-CN133 + T4 (C) - 16 -
C-2~Cr2k + 69 (1) - 3 -
¢-2~CNL1T + 70 (C) - 48 -
C-2-CN505 £ 75 - 35 -
C-2-CN501 + 65 395 545 .72
C-2-CN502 + 55 1295 2543 5L
C-2-CN50L T L5 2716 41kg .65
C-2-CN503 + Lo 12200 17244 LT1
C-2A~CN30L + 100 - 1 -
C-2A-CN302 + 92 (¢) 13 16
¢ -2A-CN310 + 87 (T) - 2% -
(-2A-CN306 + 87 (@) 23 29 .78
(Longitudinally Polished)

C-2.CNH10 + 75 118 204 0.53
C-2-Cnkobk + 75 85 130 0.65
C~-2-CNkO3 + 70 240 Loo 0.60
C-2-CN409 ¥ 65 500 750 0.6
C-2-Cnkoz T 60 1300 1900 0.6
C-2=0N408 + 55 1800 2500 0.72
C-2-CI40], T 50 2600 5200 0.50
C-2=CN51L T 50 - 5306 -
¢-2-CNL06 ¥ 50 6600 7900 0.84
Cm2-CNLOS T L5 10000 12600 0.79
C-2-CN4OT T U5 10200 12800 0.80
C.2-CN509 + 60 - 154k (aged after 1 cycle)
C~2-CI506 * 55 - 3555 (aged after 1 cycle)
C-2-CN511 + 50 - 7647 aged after 1 cycle)
C~2=CN513 ¥ 50 - %(495 aged after 204 cycles)
C-2-CN515 T 50 - 651 aged after 509 cycles)
(~2.0N512 T b5 - 13643 (eged after 1 cycle)
C-21-CNk11 + 50 2Loo 3400 T
C-21-CHkL5 + 1.2502 6292 LT7
C-2A-CNL2Q + 70 329 394 .84
C-2A-CNLLY + 60 610 1080 .56
C-2A-CN4LE + 50 2100 3000 .70
C-2A-CN417 + Lo 2900 5500 .5%
C-2A-CHL18 + 33 10200 24300 iT=)
C-2A1-Clkes + 60 - 240 -
C-2A1-CNh21 + 50 1000 1700 .59
C-2AL-CN42p + 4o 2700 4400 .61
C~2A1-CNL2L + 35 98k42 18963 .52
¢ -2 -CNhos T 30 12700 28200 b

* (C) - First load applied in Compression.

(T) - First loa=d applied in Tension.
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FIG. 36. STRAIN HISTORY FOR TYPE C-2A SPECIMENS OF ABS-C NORMALIZED
STEEL IN REVERSED-LOAD LOW-CYCLE FATIGUE TESTS,

The specimens tested at 4O cpm and high stresses heated up during
the tests. Thermocouples were attached to a number of selected specimens to

determine the magnitude of the heat incrcase with respect to the nurber of
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cyeles. In general it was found that the temperature of the specimens increased
rapidly initially and then gradually came to a steady-state value as shown in
Fig. 37. Here it may be seen that the rate of initial temperature change and
the level of the steady-state temperature both increased with an increase in

the magnitude of the applied stresses.

Cycles to
Qr L= Specimen Number Fajlure
Q 7
s C-2-CN 505 / g-2cm 501 bl 20
’L— (75 !’;si) (65 ked) C-2-CN 501 545
L—g-2CN 410 ¢-2-CN 509 54k
(275 ka1) ¢-2-CN 506 3555
= ¢-2-CK 515 6651
¢ ko c-2-CN 511 76k7
g Cc-2-08 509 c-2-oN 51k 5306
g (360 ksi) -
B
¥
=1
% 06 (55 ksi)
& e-2-en 5 -
5 20 b
-
H —2-cN 515 (%50 ksi)
I /—c /C-2-CN 5LL (250 ks1) _
A i ! =
lo T T
// L= L ocw 514 (250 kat)
0 &co
<} 100 200 300 k00 500 600 700

Number of Load Applications, i

FIG, 37. SURFACE TEMPERATURE VARIATIONS OF SELECTED TYPE C-2

SPECIMENS OF ABS-C NORMALIZED STEEL DURING REVERSED
LOAD LOW-CYCLE TESTS.

In the reversed-load tests the appearance of visible cracks was
hoted and has been related +to the muber of cycles to failure. This relation-

ship, as presented in Fig. 38, may be represented approximately by the equation,
N =X 0.95 (2)

A relatively small scatter band was obtained in these tests and would probably
have been considerably smaller if more refined methods had been used to determine
the time of crack initiation.

A variety of fractures and lives have been obtained in the reversed-

load tests, depending upon the magnitude of the applied load. A number of
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FIG. 38. NUMBER OF CYCIES AT DETECTION OF A VISIBLE CRACK VS, NUMBER
OF CYCILES TO FAILURE FOR ABS-C NORMALIZED STEEL SPECIMENS.

typical fractures may be seen in Fig. 39, In this figure are shown four type
C-2, one type C-2A and one type C-2Al specimens. The four type C-z specimens
demonstrate the effect of stress magnitude and indicate that there are more
cracks in the specimens tested at the higher stresses than those tested at low
stresses. Tn the three specimens of Fig. 39(b) the effect of specimen geometry
is portrayed. The larger radius provides a more irregular fracture and &

marked increase in life.

9, Cyeclic Deformation Tests

A total of thirty-five type (-2 specimens were tested at constant
relative-strain ratios of -1/4, -1/2, —5/# and ~l. Schematic q - n (strain
vs. cycles) diagrams illustrating the cyclic strains for each of these r-ratios

are ghown in Fig. 13. The results of these tests are listed in Table 6 and
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plotted in Figs. 40, 41 and L2 for the three steels tested. It may be seen
that straight lines with slopes that vary with the r-ratios fit the data
gquite well. These data may be further combined by dividing all plastic true

strain values by their corresponding values of Aqtl’ the plastic true strain
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for one-cycle. These strain values are sald to be "no:ma.lized.,"(ll") Figure 43
is a diagram with normalized cyclic tensile change in plastic true strain
plotted against n, the cycles to failure, on a log-log basis for all three
steels tested. When the test data are presented in this manner, there does

not seem to be any effect of material on the slope of these relationships.
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TABLE 6. RESULTS OF CYCLIC DEFORMATION TESTS,
Relative- Cyclic Tensile Normalized
Strain R Change in Plastic Cyclic Tensile
Ratio Specimen True Strain Change in Plastic CyciLes to
No. - N Failure
ch percent True Strain, percent
= Aag bq,/bayy n
*
-1/h C~-2-CA 8o 100 1
C-2-CAL08 30 =8 3
C-2-CA16 20 25 5
C-2-CAT 10 13 10
-1/2 C-2-CN" 8% 100 1
C-2-CK518 4o 4g 3
C-2-CN517 0 36 5
C-2-CN516 20 2k 7
C-2-CN519 10 12 16
-i/2 c-2-ca” 77 100 1
C-2-CA112 ko 52 3
C-2-CALON 30 39 N
C-2-CAl2 20 26 6
C-2-Ca8 10 13 1k
1/2 c-2-E" 5 100 1
C-2-E11L 4o 35 %
C-2-E108 30 4o L
C-2-E107 20 a7 i
C-2-5112 10 1% 1k
#*

-5/ C-2-CA T2 100 1
C-2-CAL1S Lo 56 3
C-2-CA103 30 Lo 5
C-2-CAL7 20 28 9
C-2-CA% 12 17 17
1 c-z-cn’ 76 100 1
C-2-CN508 42 55 3
C-2-CN507 21 a7 1k
C-2-CN524 11 14 b1
C-2-CN522 5 6 130
C-2-CN521 2 3 565
-1 g-2-CA" 66 100 1
C-2-CA115 %9 59 2
C-2-CAS 20 30 9
C-2-CALkL 8 15 43
c-2-cAl [ 9 90
C-2-CALLE 3 5 261
) c-e-E 66 100 1
(-2-E106 Lo 61 2
C-2-E105 19 29 10
Cc-2-E15 8 13 hp
C-2-E5 5 9 91
C-2-E7 L 7 182
C-2-E13 3 b see

#* Interpolation for "one-cycle

(5)

" test results.

Evans obtained a constant true strain at fracture in his repeated
bension tests, regardless of the number of cycles applied prior to fracture.

In the program reported herein it was observed that for a group of C-2 type
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TABLE 7. PLASTIC TRUL STRAIN AT FRACTURE OF SPECIMENS IN
ZERO-TO-TENSION CYCLIC LOAD TESTS

—

Plastic True Strain

Specimen Max. Stress, Cycles to Failure at Fracture,
No. percent
ksi n U
C-2-CN109 75 1 82
C-2-CN111 5 1 82
C-2.CHN113 7 1 82
C-2-CH115 75 1 80
C-2-CN112 77 3 8o
C~2-Cl107 79 3 81
C-2-CN116 7 L 8o
C-2-CN103 79 5 79
C-2-CN104 79 10 79
C-2-CH58 76 18 77
C-2-CH59 75 53 83
C-2-Cl33 73 75 84
Cu2-CH106 76 8l &1
C-2-CN10% 75 96 81
C-2-CN108 71 352 8k

Cil-steel specimens subjected to various amounts of repeated tension, regardless
of the number of cycles of tensile load before fracture, the final value of
plastic true strain at fracture was more or less constant for the zero-to-
tension low-cycle tests. The plastic strain data from these tests are listed
in Teble 8 and also plotted in Fig., #4. It is evident that, in these tests,
regardless of the number of cycles of tensile load applied before fracture,
the final value of plastic true strain at fracture is more or legs a constant
for the materials studied and at least for lives as great as 350 cycles.
Therefors, it is reasonable to conclude that for low-cycle fatigue tests in
repeated tension only, i.e., r = 0, the cyclic tengile change in plastic true
strain is linearly accummlative.

In the eyclie deformation tests where the limits in true strain were
monitored in each cycle, the magnitude of load necessary to cause these strain
changes varied, generally increased, from cyecle to ecycle. In Figs. 45 and 46
are shown the envelope of true stress histories of cyclic deformation of

Type C-2 specimens of the CN steel tested at relative-stress ratios of —1/4
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and -1. In general, therc was al incresse also in true stress with increasing

pumber of cyeles. In such cases the specimen is sald to have "gtrain-hardened”

due to repeated leoadings. It is also noted that generally there is more

Plastic True gtrain at Fracture, q,E, percent
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strain hardening in specimens subjected to higher strain values and lower
relative-strain ratios. The true stress curves of Fig, U5 at a relative-
strain ratioc of -_'L/lt are much steeper and show a greater change with life

than do those of Fig. 46 and thereby show a greater "strain-hardening" effect

150

j2*] i
: c-2-CA5 | o A o] |
N b———A"‘Z C-2-CA 14 N |
f———1 T [ c-2-ca F—y
AR S EE S cann B A

Relative-gtrain ratio r = -1

True stress, ksi
[=]

Y
-100 '\’\\‘\"Jtl%““
4 A I
1 N o
-150 J_
i 16 o0

Tumber of Ioad Applicationa, %

FIG. 46. TYPICAL RELATIONSHIPS BETWEEN TRUE STRESS AND NUMBER OF
LOAD APPLICATIONS QF RETATIVE-STRAIN RATIO OF -1.

Apparently under a complete reversal of <train, such as that shown in Fig. 46,
the compressive straining tends to "strain soften" or reduce the "strain
hardening” of the material.

Some of the fractured specimens are shown in Fig. 47. In the top row,
three "one-cycle" test specimens are presented, one for each material. It may
be noted that vertical cracks are present on the surface of the E-steel specimen
shown: on the right side of the page. These vertical cracks. often resulted
when large compression losds were employed, but only for E-steel specimens.

In the second row three CA-steel specimens are shown after being tested at
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FIG. 47, VARIOUS FRACTURES RESULTED FROM CYCLIC DEFORMATION TESTS.

relative-gtrain ratios of -0.25, -0.50, and -0.75. These gave lives of 10,

1%, and 17 cycles regpectively. A1l six specimens exhibited cup-and-cone type
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of fractures. In the bottom row of Fig. 47 are shown specimens of the three
gteels tested with r = -1. There was evidence of numerous surface cracks on
the specimens thereby demonstrating that these specimens were close to failure

at a number of locations.

IV. A LOW-CYCLE FATIGUE HYPOTHESIS

10, Other Investigations of Cyclic Deformaetion Low-Cycle Fatigue Tests

A. Experimental Results
In 1912, Kommers(6) conceluded from a series of cyeclic bending tests
that the magnitude of the cyclic deflectlon was an important factor in low-cycle
fatigue studies. Later, "unit-deformations” or "engineering strainsg" were used
as test parameters by various investigators to include the effect of possible
variations in the initial gage length of the specimens. In recent low-cycle
fatigue investigations there has been an inereage in the use of "true strains.”

"won

Neverthaless, the computations of "unit deformations,” "engineering strains,”
and "true strains” are still based on the measurement of gross deformations or
deflections of the specimens. It is to be noted that the distribution of
"engineering strains' within a certain volume, or the distribution of "true
gtrains" over a certain cross section iz not always uniform, especially when
appreclable changes in geometry, such as the occurrence of cracks, take place
in the test section. Therefore, in the following discussions the word "strain”
refers to a representation of some gross deformation or deflection experlenced
by a portion of the gpecimen rather than a very localired phenomenon as the
word "strain" sometimes implies.

Evans(B) repeatedly applied tensile Torces to produce constant
increments of longitudinal plastic strain to axially-loaded specimens made of
various metals. He observed that while the total engineering strain at fracture
increased as a result of repeated loadings, the true strain at fracture remained

constant in most cdses. In Fig. 48, cyclic tensile changes in plastic engi-



-47-
neering strain, Aﬁt, in percent vs. nunber of cycles to fracture N, are plotted

on a log-log basis for a mild steel and a copper wire. It may be seen that,

100 -— T T
50 After E\nams(5 )
e Copper Vire
@ Mild Steel
10 ~

hange in Plastic Engineering
Fa¥ + percent
Wi

Strain,
-
o

.5 \K
N

1 5 10 50 100 500 1000
Number of Cycles to Failure, N
FiG. 48. TYPICAL LOG Aet V8. LOG N DIAGRAMS OBTAINED FROM
REPEATED TENSION TESTS.

Cyclic Tensile C

ll

for specimen lives less than sbout 100 cycles, straight lines with a slope oI
-1 fit the test points quite well.

Low(7’8) carried out bending fatigue tests on two aluminum alloys and
three steels at room temperature, and Johansson(9) conducted cyclic bending
tests on three steels at various temperatures ranging from +20O to +BOOOC.
Again, both investigators found a linear relationship between cyclic strains
and corresponding specimen lives on log-log plots.

(10’11’12’15) have conducted extensive low-

Coffin and his assoclates
cycle fatigue tests on 347 stainless steel specimens with thermal and mechanical

strain-cycling. In their earlier works, engineering strains were used as a

bagis for their tests. Recently, they have placed emphasis on the usage of
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true strains both in the testing and in the analysis of their test results.
In analyzing their own data as well as reversed strain test data of others,
it was found that straight lines with a slope of approximately -0.50 best fit
the test points on log Agq (eyeclic tensile change in plastic true strain) vs.
log N (number of cycles to failure) diagrams as shown in Fig. 49. However,
Douglas and Swindeman(lu) tested Hastelloy B, beryllium, and Inconel at
temperatures above +1300"F and obtained for these materials straight lines
with slopes ranging from -0.58 to -0.81 on a log fe, vs. log N diagram. In
1959, Majors,(ls) in reversed-strain tests on axially-loaded specimens of
titanitm and nickel at high temperatures, found the slope to vary from -0,48
to -0.51. More recently, Dubuc(16) found a slope of -0.53 for a low carbon
steel and a brass in cyclie axial strain tests. These differences indicate
that the slope of log éEt (or log Aqt) ve. log N lines may be a variable and
depend upon the test conditions.

Many constant-deformation tests have been conducted on 2020 g7

aluminum alloy. In 1949, Liu et al(l9) carried out under axial-loading,
1000

After Coffin & Tavernelli(11,13)
1080 Carbon Steel Annealed
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Fumber of Cyecles to Failure, N

Cyclic Tensile Change in Plastic True
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)

FIG, 49. TYPICAL LOG Aqt VS, LOG N DIAGRAMS OBTAINED FROM REVERSED-
STRAIN LOW-CYCLE FATIGUE TESTS.
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reversed "true-strain” tests on this same alloy and to a maximum life of seven
cycles. Following the exploratory experimental study made by Lin and Kirsch,(e)
Pian and D“Amato(l8) performed low-cycle faltigue tests on the same material but
with variations in the absolute-strain ratioc, R (i.e., ratic of cyclic minimum
strain to cyelic maximum strain), and obtained data for lives up to 200 cycles.
Later, D’Amato(h) carried the same type of test up to 10,000 cycles. These
results also show that straight line relationships exist between the cyclic
tensile change in plastic strain and the specimen life on a log-log scale.
However, the slope of the lines was wependent upon the value of mean strainé used.

Sachs et 31(19’20)

conducted both axial and bending low-cycle fatigue
tests on specimens of A302 steel, 5454-0 aluminum, and 2024~T4 aluminum alloy.
They report that the effect of mean strain becomes insignificant when the
specimen lives are greater than 10,000 cycles.

In 1960, Mehringer and Felgar(gl) reported a series of thermal strain-
cyeling tests on two high temperature alloys. Because of the low ductility
possessed by both metals, the plastic strain values were too small to be
measured with the desired accuracy and the test data had to be presented in
terms of stress vs. life. This experience indicates one of the limitations

on the use of cyclic plastic strain asg a parameter in the case of low-

ductility materials.

B. Analysis
. (22,23) . . 3 _
Since Orowan published his theory on the fatigue of metals
in 1939, the results of many experimental studies have confirmed his pre-
diction that a linear relationship exlsts between log Aet and log N. In his
original theorycge) emphasis was placed on the assumption that the distribution
of stress in the material is not homogeneous. With an additional assumption
that reversed local plastic deformations could cause a progresaive work-

hardening in the material, it was postulated that fallure would occur at
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points where either the stress or the total absclute plastic strain reached a

critical stress or strain value. Later Orowan(ej) suggested the following
H

expression for cyelic strain tests,

N-2a:, =C (10)
where Aﬁt is the cyclic tensile change in plastic engineering strain and C is
a constant.,

It is noted that Orowan's theory was originally intended to explain
the fatigue behavior of an idealized material at points where stress-
concentrations exist. Therefore, Bq. (10) must be modified for cases where
strains representing the gross deformation of a specimen are used instead of
the localized strain values. Nevertheless, this relationship has served as a
basis for most of the hypotheses that have gince been developed. Gross and

(2h)

Stout, as well as Manson,(ES) on the basis of reversed-strain tests,

introduced a new variable, m, into Eq. (10)
. Ae, = C (11)

vhere m is an empirical constant obtained from the slope of the log Aﬁt VS,
log W diagram. Later, Coffin and his associates(ll’l)) found that a congtant
slope of -1/2, (i.e., m = 1/2) best fit their test data, as well as that of

many others, and suggested the following expression:
EEAY= = (le)

where dp is the plastic true strain at fracture in tensionm.

(26

Recently Martin ) obtained the following expression on the basis

of an energy criterion.
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- oe, == (13)

Extensive comparisons made by Martin show that, for axial straln tests, the
right hand term in Eq. (13) gives a better pradiction of the constant C than
that used in Eg. (12). However, the right hand term in Eqg. (12) seems to give
a better prediction of the constant C in the case of flexural strain tests
conducted at high temperatures.
bericn A128) s Y b takdine . X

Gerberich obtained Eq. {(14) by taking into consideration the

effect of mean strain on low-cycle fatigue lives.

9 —
ef e 2

N = (=——2) (1k)

or

€ - Nl/2 =el - € (15)

where €l is the apparent fracture ductility and €5 igs the mean strain. In

4
. (19,20)

later reports on the same program, Sachs et a gubsituted ¢ the

TR’
total strain range, for e, the plastic strain range. Test regults on

2024-T4 aluminum alloy specimens(QT’Ea)

show that Eq. (14) describes very
well the low-cycle fatigue behavior for various mean strains. However, it
may be noted that (a) the apparent fracture ductllity, e% is a nominal value
which is difficuit to obtain; and (b) this relationship applies only to

tests with positive mean strains, modifications must be made for other

values of mean strain.

C. '"One-Cycle" Tests
In the above-mentioned references; 1t is noted that most cyclic

strain tests had been conducted under reversed-loadings. At the lowest
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pogsible number of cycles in a reversed-strain test, the cyelic gtrain test
simply becomes a tension test of specimensg that have been plastically pre-
compressed, or briefly a "one-cycle” test.
ridgman(eg) reported a series of "one-cycle" ftests in which a low
carbon steel was austempered® or tempered¥* fo nine different conditions.
Cylinders with an initial dimension of 1.5 idn. both in diameter and in length
were pre-compressed in three stages to a single value of true strain of
-125 percent. At each stage, the compressive load was applied until the
cylinder length was reduced to 2/5 of the coriginal length, and then the
cylinder was re-machined to its original 1 to 1 ratic of length to diameter.
This process was repeabted until the length of the cylinder was reduced to
0.42 in. {equivalent to a true strain of -125 percent). The cylinder was
then cut to make three small tensile specimens {with the axes of two specimens
along and one specimen transverse to the longitudinal axis of the cylinder),
Then, tension tests were carried ocut in a specially designed test apparatus.
The Instantancous diameter of the specimen was optically measured with a
nicroscope attached 4o the apparatus. Test results are shown in Fig. 50,
where the tensile change in plastic true strain at fracture, Aqtl, is plotted
against the amount of plastic true precompressive strain, Qo1 to which the
members had been subjected (a single value of -125 percent in this case).
Although only two points are shown for each of the nine heat treated
conditions, it may be observed from these results that (a) the tensile strain
at fracture 1s affected by the plastic true pre-compressive strain in the
material and (b) the effect of pre-strain appears to vary with the heat

treatment to which the material was subjected.

Austempering involves the formation of bainite, the presence of which enables
the material to possess relatively high impact resistance. Tempering
produces tempered martensite in the material structure, and thus increases
the ductility of the steel,
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FIG, 50, BRIDGMAN'S "ONE-CYCLE" TEST DATA

Later in a study associated with an investigation of the initiation
of brittle fracture, Drucker, Mylonas, and Lianis(5o) conducted "one-cycle"
tests on a rimmed ship steel often referred to as "E-steel" in a manner similar
to that used by Bridgman except that more steps were taken In applying the
compressive deformation and that standard tensile specimens were used. In
addition, some specimens were artificially aged before the tension tests. The
original information on the amount of pre-compressive strain was presented in
terms of longitudinal strain (%— - 1, vwhere ! and lo are respectively the final
and initial Jlengths of the cyligder used in pre-compression). By assuming

that there 1s no volume change in +the bre-compression operation, these longi-

tudinal strains may be converted into equivalent true strains (In %—). The
)
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test results so converted are plotted in Fig. 51 where Uy 15 the true strain
at fracture and is equal to the algebraic sum of corresponding values of
Aqtl’ the tensile change in plastic true strain, and Upy” the plastic true
pre-compression strain. It may be seen in Fig. 51 that, (a) the true strain
at fracture decreases ag the amount of pre-compressive strain increases, and
(b) there is no significant difference in the strain at fracture betweea the
artifically aged and unaged specimens. Furthermore, except for the data at
the highest values of pre-compression, dpy? approximately -6% percent, the
data are in good agreement with that presented in Fig. 21 for the study
reported herein and in spite of the differences in types of specimens and in

the test procedures.
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11. General Low Cycle Fatigue Hypothesis

A. Assumptions

(31)

Zener has stated that "Fracture cannct occur independently of

¥

deformation.” Although deformations can occur without necessarily causing

fracture in the material, it is reasonable to assume that plastic deformation

is cumulative in some manner toward the total fracture of the material.

Let us now examine more closely the empirical relationship shown in

Eq. (11)1

. oAe, = C (11)

If we raise both sides of the equation to (l/m)th power, we obtain

W (ae )M - oMm (16)
1/m
v () S (17)

If we let n be the number of applications of tensile load prior to fracture, it
is apparent that the lowest possible number of n is 1 while the counterpart for
¥ generally has been taken as 1/4 or 1/2 in the literature. The difference
between n and N is small at large values of N so for all practical purposes,

Eq. (17) may be rewritten as follows:

e, 1/m
n (2 = 1.0 (18)
Furthermore, since atn =1
Le, = Ag
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Bq. (17) vecomes

n(—2) "~ 1.0 (19)

The slopes of the curves in Figs. 48 and L9 are approximately -1
and -1/2 respectively for test results of Evans(S) and those of Coffin(ll’lﬁ).
Since Evans conducted his tests with tengile loadings only and Coffin conducted
most of his tests under fully reversed-strain conditions, it seems reasonable
to assume that this slope, -m, is a variable that is dependent upon the relative-
strain ratio, the ratio of the cyclic compressive change in plastic true strain
to the cyclic tensile change in plastic true strain. On this basis, the inverse
of the slopes of the curves in Fig. %3 have been determined and found to be
1.22, 1.43, 1.65, and 1.86 respectively for r-values of -1/%, -1/2, -3/4, and -1.
When these corresponding values of l/m and r are plotted, as shown in Fig. 52,

the following relationship is obtained.
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1/m =1 - 0.86r (20)

This relaticnship has been assumed to relate the slope of the fatigue curves
to the relative-strain ratio for which they were obtained.

Several further assumptions have been made in developing a low-cycle
Tatigue hypothesis. Firstly, it is assumed that low-cycle fatigue fractures
occur in tension only. This assumption is generally true for steels. Secondly,
it is realized that the specimen geometry would change somewhat at the large
Plastic strains in low-cycle constant-deformation tests. However, the effect:
of geometrical variations in the specimen profile is assumed to be compensated
when such constants as £e,q Or Mgy, as obtained from "one-cycle" test results,
are used. And, finally, it is assumed that fracture of a material is produced
by an accumulation of the plastic deformation experienced by the material.
This assumption is made on the basis of the observations of low-cycle fatigue

test data discussed earlier.

B. Hypothesis
On the basis of the experimental evidence and assumptions discussed in

the previous section, it is postulated that plastic deformations cumuilate
according to an exponential function and more specifically, that the hypothesis

may be presented in generalized form as follows:

i [(%)l/nj = 1.0 (21)

i=1 1

Since it has been shown(h) that for low-cycle fatigue conditions true strain
values are approximately proportional to the corresponding engineering strains,

a similar expression may be written as follows in terms of true strains.

i [(%—-— l/m] = 1.0 (22)
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where Ne is the cyclic tensile change in plastic engineering strailn,

is the cyclic tensile change in plastic engineering strain
atn =1,

i is the nmumber of applications of tensile load,

n is the number of applications of tensile load prior to
fracture

m iz a variable depending upon the amount of c¢yclic com-
pressive strain, or the relative-strain ratio,

Aqt is the cyclic tensile change in plastic true strain,
Ag¢l is the cyclic tensile change in plastic true strain at
n=1=1
As noted previously, both 1/m and De ) (or Aqtl) are functions of r, the relative
strain ratio. Therefore, for constant values of the relative-strain ratlo, r,

Egs. (21) take the form of Eq. (19).

1l2. Correlations with Test Data

Six type C-2 and three type C-2A specimens of CHN-steel were previously

tested in reversed-load low-cycle fatigue tests. The plastic true strain history

for each of these six specimens is listed in Table & (also see Figs. 35 and 36).

By analyzing each strain-cycle with the hypothesis, the quantity

was evaluated for these tests and found to vary from 0.9% to 1.08 as shown in
Table 8. These values are close to the value of 1.0 required by the hypothesis.

Data in the literabture are generally reported for cyclic strain tests
conducted by cycling a specimen between a constant cyclic maximum plastic strain
)

In most cases, the tests were started with a tensile load to produce the upper

(qmax or emax) and a constant cyeclic minimum plastic strain (qmin or e ..

or maximun strain limit which was followed by fully reversed strains. Some
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ANALYSIS OF PLASTIC STRAINS PROM REVERSED-LOAD TESTS.
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test series were carried out with constant absolute-strain ratiocs, i.e.,

R = constant; while others were carried out with constant mean strains, i.e.,

q, or € = 0. Since the quantity Aqt is not necessarily a constant in these
tests, the test results are presented in terms of Yoy VS 1 (for positive qmax)
or q . vs. n (for negative Yax),

Based on the general hypothesis presented herein, equations have been
derived for various test conditions. For constant R-ratios the relationship
between q__ and n may be derived as follows: (a) The trirst cycle (see insert
of Fig. 53) is assumed to consist of a single tensile change in plastic true
strain, i.e., r = 0. (b) The subsequent cycles of strain are full-reversals,

i.e., r = -1. Then, for the first cycle, (1 = 1),
r=0, 1/m=1.0 (from Eg. 20)
My = 9p

5y = Gy

a — [N D Y Failure
M |3 R TATT T
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FiG. 53. CORRELATION OF HYPOTHESIS WITH VARIOUS CONSTANT - R -
RATIO TESTS ON 2024 ALUMINUM ALLOY.
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For the subsequent cycles (i > 1),

1

r=-1, 1/m =1.86 (from Eq. 20)

bqy = Umax ~ %min
(1 - R) Unax

i

If we substitute these conditions into Eq. (22), we obtain,

1.86
qmax] = 1.0 (23)

Unax
4+ (n - 1) [(l - R) ZE;I

Pian and D'Amato(lB)

tested coupon-type 2024 aluminum alloy specimens
with constant R-ratios of +0.75, +0.50, O, and -1.0. The plastic true strain at
simple tensile fracture, ap, for this particular type of specimen was found to
be approximately 34 percent. Since no "one-cycle" test information is available
for this specimen, it is agsumed that aqtl is a constant and equal to qp for

all ratios, i.e., &g, = qp = 3l percent. Then, from Eq. (22), the following

relationships may be obtained:

For R = +0.75, &?-?5- + (n - 1) [%] 106 = 1.0 (23a)
For R = +0.50, E”;—%"— + (n - 1) :E%gﬂ 1% = 1.0 (23b)
For R = Q, q—’;‘&’-“- + (n - 1) :%‘-EEJ . = 1.0 (23e)
For R = -1, E‘;J,i—x + (n - 1) [E—!‘?(XJ 186 = 1.0 (234)

These equations are plotted in Fig. 53 along with the corresponding test data

taken from Ref. 18. Despite the assumption made regarding Aqtl, the curves
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plotted on the basis of this hypothesis seem to fit the test points reasonably
well for lives up to approximately 200 cycles. BSimlilar equations were obtained
and compared with Gerberich's test data. These latter comparisons are shown in

Figs. 54 and 55.
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Similarly, expressions may be obtained for tests conducted with

constant mean strains, 4y OF €n°

i) (2h)

d°
11
-
3
+

For the first cycle (i = 1),

H
]
L
]
s
=
I

1.0 (from Eg. 20)
Mgy = dp
My = gy

Tor the subsequent cycles (i > 1),

r = -1, 1/m

n

1.86 (from Eq. 20)

Bay = 2(ag,, - %) = 29 ~ 9n5p)

Substituting these conditions into (22), we obtain

Unax

2( - g ) 1.86
ﬁ%ﬁﬁ_} - 1.0 (25)

+(n_l)|: L1

For tests with a negative mean strain and a negative meximum strain,
the Tirst load is in compression, such as shown in the insert of Fig. 56.
Assuming that ch g’Aqt in the first cycle, the following equatlon may e

obtained from Eq. (22).

2(q - q.. )71.86
n [——EE—Zazfig—] = 1.0 (26)
Then, for 9, = -7.5 percent,
7.5 - .+ 1.86
n [—19%“&9} = 1.0 (268)
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Equation (26a) is plotted in Fig. 56 in terms of Qpin 804 1 along with the
corresponding test data from D'Amato(h). Excellent correlations are again
obtained.

D'Amato(u) reported also test results on a 2024 aluminum alloy with
constant mean strains of +27.5%, +13.5%, +7.5%, 0%, and ~7.5%. The plastic
true strain at simple tension fracture, Qps was found to be about 38%.
Assuming again that Aqtl =Qqp = 38% for all r-values, the following equations

may be obtained from Egs. (25) and (26).

For q = +27.5%, q—?é"f + (n - 1) i@-&-@-@] 15 = 1.0 (25a)
For q = +13.5%, 91;._.35 + (n - 1) CE”‘&X;W—;-}—EJ 8 = 1.0 (25b)
o et G [T o
For q = 0%, qg“ax + (n-1) [q’;—;ﬂ L% = 1.0 (254)
For q = - T.5% a [;7-—:5—;9—qu] L = 1.0 (268)

Equations (25a) through (25d) are plotted in Fig. 57 in terms of Uy 204 0, along
with the corresponding test data from Ref. 4, Equation (26a) is plotted in Fig. 56
in terms of qmin.and n along with the corresponding test data from the same
reference. Excellent correlations are found in most cases.

Dubuc(lé) tested SAE 1030 steel specimens with a gage length of 1 in.
These tests, with €, = 0, were conducted by controlling the total engineering

strain range. To apply the present hypothesis, Aﬁtl was assumed to be constant
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and equal to the elongation at static tensile fracture, 44 percenf in this case.

Then from Eg- (25), assuming g and ¢ to be approximately equal, we cbtain,

€ 1.86
max:l = 1.0 (25¢)

€
- [

Equation (25e) is plotted in Fig. 58. In the figure, test points Ffrom Ref. 16
are plotted in terms of the cyclic maximum plastic engineering strain measured

at half of the specimen life.
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FIG. 58. CORREILATION OF HYPOTHESIS WITH TESTS CONDUCTED
ON THE BASIS OF ENGINEERING STRAINS,

V. SUMMARY OF RESULTS AND CONCLUSIONS

1%5. General Discussions

In general, the correlations of the present hypothesis with the test

(27:28), and, D'Arna-to(u) show that it

results of Pian and D'Amato(la), Gerberich
may be possible to use this hypothesis to describe the cumulative low-cycle

fatizue behavior of 2024 aluminum alloy specimens. In addition, the correlation
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made with Dubuc's(l6) test data indicates that the hypothesis may be egually
applicable to tests of steel specimens conducted on the basis of englneering
strains.

gince there is no avallable information on "one-cycle" tests of the
2024 aluminum alloy and the SAE 1030 steel, it was necessary to make the
assumption that Aqtl = Qe for-all r-ratios. Moreover, the use of Eq. (20),
the empirical relationship obtained from the cyclic true-strain tests of mild
steel specimens, may not be applicable to these materials. Nevertheless, these
comparisons demonstrate that there 1s an excellent possibility of this hypothesis
describins the general trend of low-cycle fatigue behavior of various metals
under various testing conditions.

In addition to the development of the general low-cycle fatigue
hypothesis, limited studies have been made on such factors as type of test,
mode of failure, material, and property varlations during the tests. These
items will be briefly discussed in the following paragraphs.

It was considered desirable in this investigation to test all specimens
under axial-loadings. Tests conducted in this mamner are the simplest and
provide the most direct way of obtaining the low~cycle fatigue resistance of
the material. Since axisl-load low-cycle fatigue tests may be carried out by
controlling either the load limits or the deformation limits, both cyclic "load”

and cyclic "deformation” tests were conducted. In addition, a number of
l : hanaletite

one~cycle tests were carried out to establish the fatigue behavior at the lowest
possible nuuber of cycles for both the load and deformation types of tests. The
latter type of test is especially worthy because it is relatively simple to
perform and the results may be used in the proposed hypothesis to predict the
ylow-cycle fatigue behavior of specimens of the same material and geometry.

In long-life fatigue tests, the fracture of a notched specimen usually
‘exhibits little deformation. However, the fractures resulting from low-cycle

fatigue loadings may show deformations which range from that of a long-life
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Tatigue failure to that of a static tension failure, depending upon such
factors as the type of test, the magnitude of the applied stresses, the material,
the geometry of the specimen, the test temperature, the cycliec rate, etc.

The effect of strain aging was considered in both one-cycle tests
and reversed-lcad fatigue tests. In both types of tests, there was little or
no difference in the low-cycle fatigue behavior of aged and unaged specimens of
ABS-C normalized steel.

The three materials used in this program were all mild steels, but
with different mechanical properties. While pre-compression had different
effects on the one-cycle behavior of these steels, there was little or no
difference in the "normalized" cyclic-deformation behavior among these three
mgterials.

The variations in true stresses and strains that occur in both the
cyclic load and the cyclic deformation tests have been studied by measuring
successively the variations in strain and load after each loading. It is
found that when the load-limits are maintained constant in low-cycle fatigue
tests the true strain limits increase continuously until failure. In the
case of cyclic deformation tests, wherein the cyclic strains are maintained

constant, the frue stresses in each cycle increase with the number of load
applications. However, the amount of increase appears to be a function of the

relative strain ratio.

4. Summary of Results

The results of this study, although based on & very limited number of

tests, appear to be quite consistent and may be briefly summarized as follows:

A. One-Cycle Tests
For the two types of specimen and three steels studied in this investi-
gation, it has been found that Aqtl’ the total tensile change in plastic true

strain at n = 1, decreased somewhat as dey? the plastic true pre-compressive
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strain was increased and also as the stress concentration of the notched
specimen was increased. However, the magnitude of the decrease differed for
the three steels studied. This is clearly shown in Fig. 22. It was found also
that greater ultimate strengths, in terms of engineering stress, were obtained

for specimens subjected to large pre-compressions as shown in Fig. 23.

B. Cyclic Load Tests

The low-cycle portion of the s-n curve resulting from zero-to-tension
Tatigue tests is rather flat. This suggests that the maximum engineering stress
may not be a good discriminator of low-cycle fatigue life or behavior. As
shown in Pigs. 27 through 29, the strain at the first maximum load is a more
sensitive parameter than the maximun engineering stress for the evaluation of
fatigue data with lives of lessg than 100 cycles.

From limited test information, it is found that the time at the
maximum load in each cycle has a marked effect on the low-cycle fatigue life
in zero-to-tension fatigue tests.

In reversed-load tests, specimeng polished in the longitudinal

direction were found to be stronger in fatigue strength than those polished

in the transverse direction. t was found also that the specimen with a higher
stress concentration begins with a higher strength at n = 1, and then at longer
lives gradually becomes leés strong than the plain specimens. (See Figs. 33

and 34.)

C. Cyclic Deformation Tests
For constant relative-strain ratios, r, linear relationships of various
glopes were found to exist on log Anﬁ ve. log n diasgrams. When these test data
are analyzed on the basis of normalized cyclic tensile change in plastic strain
and n, there does not seem to be any material effect on the slope of the
relationships. A linear relationship was found to exist between the inverse

of the slope, l/m, and the relative-strain ratio, r.
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In addition, plastic strain-histories obtained from six e¢yeclic load
tests were analyzed on the basis of the low-cycle fatigue hypothesis presented
herein. With the data from these tests it was found that the condition
specified by the low-cycle hypothesils was satisfied. Correlations with other
published test data indicate that it may be possible also to apply the

hypothesis to cyclic strain tests to metals other than mild steel.

15. Conclugions

On the basis of the information presented herein it may be concluded
that, under low-cycle fatigue conditions,

(1) The tensile change in plastic true strain, Aq,,, varies with
the amount of plastic true pre-compressive strain, Uy ? the pattern of this
variation is dependent on the material and the geometry of the member.

(2) A linear relationship exists between log 4q, and log n for a
congtant value of relative-strain ratio.

(3) A linear relationship exists also between the quantities 1/m
and r, and, for mild steel, may be expressed as follows:

T_o1-0.8r (20)
m

From the above conditions a general hypothesis describing the
cumulative effect of plastic deformations on the low-cyele fatigue behavior

of metals has been developed and may be expressed as follows:

i [(Ai Um} - 1.0 (22)

Thug, under low-cycle fatigue conditions any tensile change in plastic strain
1

is cumulative and the manner in which this accumlation takes place is
dependent upon the amount of compressive plastic strain in each cycle.

_With this hypothesis a "ome-cycle” test may be used to describe,
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on the basis of the relative-strain ratio, the basic low-cycle fatigue behavior

of mild steel for lives up te approximately 1,000 cycles. A limlted number

of correlations were obtained for other materials and indicate that the

hypothesis may express also the low-cycle fatigue behavior of other metallic

alloys. However, additional confirmations of this correlation would be

desirable.

10,

11.
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APFRENDIX
Notations

Cross-sectional area at the test section of the specimen after
pre-compression, sq. 1n.

Cross-sectional area at the test section of the specimen at fracture,

Q. in.

Original cross-sectional area at the test section of the specimen,
sq. in.

Cross-sectional area at the test section of the specimen,
re-nmachined after pre-compression, sq. in.

A constant

Diameter at the test section of the specimen after pre-compression,
Diameter at the test section of the specimen at fracture, in.
Original diameter at the test sectlon of the specimen, in.

Diameter at the test section of the specimen, in., re-machined
after pre-compression

Number of applications of tensile load

Nunber of spplications of tensile load prior to fracture
Number of cycles

Number of ¢yecles to crack initiation

Number of cyecles to fracture

Plastic true strain, percent

in.



%1
9
G

Trax
Smin
U1

»
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Plastic true pre-compressive strain, percent
Plastic true strain at fracture in simple tension, percent
Mean cyclic plastic true strain, percent
Cyelic maximum plastic true strain, percent
Cyeclic minimum plastic true strain, percent

Plastic tensile true strain at fracture, percent

Relative-strain ratio; c¢yclic compressive change in plastic true
strain to cyclic tensile change in plastic true strain, ch/Aqt

Absolute-strain ratio, cyelic minimum plastic trie strain to eyelic
maximum plastic true strain, qmin/qmax

Stress ratio, cyclic minimum engineering stress to cyclic maximum
engineering stress, s

min’ “max

Engineering stress, ksi

Engineering stress at the maximum compressive load, ksi

Maximum engineering stress, ksi

Maximum engineering stress, ksi

Ultimate strength, ksi

Cyclic compressive change in plastic true strain, percent

Cyclic tensile change in plastic true strain, percent

Total tensile change in plastic true strain at n=1, percent
Cyclic compressive change in plastic engineering strain, percent
Cyelic tensile change in plastic engineering strain, percent
Total tensile change in plastic engineering strain at n=1l, percent
Plastic engineering straln at fracture, percent

Mean plastic engineering strain, percent

True stress, ksi

True stress at the maximum compressive load, ksi

True stress at fracture, ksi
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