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ABSTRACT

Studies have been conducted to evaluate the

low-cycle high-stress fatigue behavior of several

ship 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 to describe 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 extend the hypothesis to metals other than

steel.

.-
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1. INTROIXJCTION

10 General Problem

For over one

data “fromspecimens of

mat.rrials, and under many differen-ttest corid~t~o~s. Aa a result, a vast

amount,o!?data are available. However> mos~ of these data are for specimens

that failed only af’tera ~reat many applications of 10ad.

Although fatigue failures generally occur in members that are

subjmtml to many applications of relatively lok’nominal StreSSeS7 ufiusuallY

i~:@ stresses may occasionally be encountered in some structures and result

in failure a-ka relatively small number o:~cycles. In such czses the S%TESSES

or stra~ns will no doubt be ,Largejgeuerally su~fi.cientto cause yieldin~ti

As amresult, the question

important in many fields.

During the last two decades a large

low-cycle -f’ati~~~ebehavior of metals has been

between low-cycle and long-life fa’ki~lebeinl~

amount of information on the

published(l) ~ the distinction

made arbitrarily on.the bas~s

o.ftinenumber 0-,load applications to failure. The upper .Lhit-of life in

low cycle Tatigue has generally been selected by various investigators to

lj,ein the range of’ 104 to ,105cycles. On the other hand, the lower limit

of llfe in a .low-cyck fati,~e test is the static tensile test’which is

found to be represented as 1/4, l/2j jf~lor one-cycle depending upon the

stress-cyck (or strain-cycle] studfed or the individual Investigatorcs

Interpretation or preference.
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Si,ncethe boundary between low-cycle and lon~-life fatigue is

arb’iilari~dT Fkfhed, no precise distinc’ciolican be )W3.debeiWeCiXlthese two

des~~na,tlon~. ~rthermore, in low.cyclz %.tibwe tests the loads are generally

con-lxolledin terms Of ei~hey 10ad ~ stress or de~ormat,ion. For this reason,

all low-cycle fatigue tests need to be further identified as constsnt-led,

constant-stress or Constmt-defol”lnation tests. f).lihou~hmost studies have

been conducted with either constant-load or constant,s-braintests, a limited

‘2) by controllin~ limits ornumber of exploratory tests have been conducted

“’truestress.” In sp~te or the fact that extreme care was exercised in

monitorin~ ‘ch,e~e“l-ruestress” limits> a relatively large scatter was obtained

In the test results due to the difficulty o.fcontrolling the “true stress.”

In general the results oT constant-load iov-cycle fati~e tests

are presented in the form of’conventional ,s-ncu:rveswhere s and n are

respectively the maximum engtneermg %tre~s or stress z-angeand the corre-

spondimq life OT the specimens. KltJlou@ the shape of a typical s-n curve

For low-cycle tests can be qualitatively ckscribed, 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 constamt.-deformationlow-cycle fatigue

tests have shown consistently that a linear log-log relationship exists

between the clqangein defo~~lat~onad Ihe n~ber Of cycles to failure.

IMpirica.1relatjonshfl,pshave been developed to describe the effect

or ful.ly-reverseclcyclic strain On t,helom--c-yckfatigue life or metals.

These rElatiOfiShipS7howeverj are not suitable to analyze the data of low-

cyck fatigue tests in which the cyclic changes in plastic strain are not

fully-reversal. J_nthe latter type of test the total plastic strain at

failure i,sfound to increase with the number of cycles.

2. Object and scope

The current research program was initiated to Investigate the behavioz
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of ship steels under low-cycle fati~ue conditions. To achieve this objective,

the program has been divided into the following four phases: (a) a review of

available information in this fi,eld~(b) studies of small coupon-type specimens,

(c) studies of notched plate specimens, and (d) studies or welded specimens.

This report summarizes the work done on the second phase of this

project, namely the studies of the law-cycle fatigue behavior of small coupon-

type specmens. The primary pu~pose of this phase of the program is to develop

a 13enerallow-cycle fatigue hypothesis and,,in the process, to conduct limited

studies on a number OT the factors which may affect this hypothesis, such as

type of test, mode of failure, material, specimen geometry and load cycle.

consequently, many of the parameters discussed in this repo~t will not or can-

not be evaluated fully. IVevertheles~~ they have been evaluated Lnsofar as

possible and often related to other si,milar information in the literature.

In the program three types of t?sks, 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,!amd a rimmed steel. Approximately

21t0specimens were tested waler a variety of loading conditions.

On the basis of a study of published work on low-cycle fati~e, a

general hy-pothestswas developed to describe the cumulative effect of ~lastic

stra?.nson the Low-cycle fatigue behav$or of metals. This hypothesis takes

into account such.factors as the compress:lveplastic de~ormation, the tensile

plastic deformation, and the number of’cyc,lesto failure, and has been

verified by test data of the present ~nvesttgation. In addition, limited

correlations vi%h published test data from other types or low-cycle fatigue

tests on aluminum alloy 2024 were m~e and indicate that it may well be

possible to extend the hypothesis to metals other than mild steel.
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11$ llESCRIPTION OF TEST PROGRAM

4,, Materials and Specimew_

The materials used m the test prqp-am consist of the following:

(a) ABS Class C normah.zed steel (designated as CN-steel), (b)ADS Class C

as-rolled steal (designated as CA-s’ceel)Jand (c] A ri.mnredsteel ”(des~gnated

as E-steel). All materials vere received in the Term of 3/km. thick,

6’-0 x 10’-o plates. The chemical composition and mechanical properties of

these materials are li,stedin Table 1,

Eleven types of small coupon specimens, designated as C-lj C-2,

C-21, C-2A, C-2U, C-2B, ~-3, R-l, R-2, S-1, and S-2, were used in this test

programr, The letters “C”, “R”, and “Sffdenote Circularj Rectangular, and—

~quare cross-secttons ~espec’cive.ky ‘Thenumerals ,followinEthe letter denote

the specimen profile! “1” indicates a consz.antcross-section over 2-in. gage

length? “2” indicates a reduced cross-section at the mid-length of the

specimen, “21” aud “2JQ” indi,catea constant cross-~ection over the center

L/2-in,,of the specimenr and “~’qindicates a con~tant cr’oss-sectionover the



-5-

TABLE 1. SUMMARY OF MATERLALPROPERTIES.

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

Yield Stress, Ultimate Elongation True Fracture True Fracture
Material* ksi S%reng%h, 2 in.-gage length Stress, strain,

Upper Lower ksi ksi percent percent

CA
(AvE. of

7 ‘tests) 44.2 40.2 70.6

(Av: of’
8 tes-M) 48.6 46.8 68.7

(Av;. of’
4 tests) 38.3 33.5 59.3 35.6 120 98

34.5

35.9

137

143

94

,105

(b) Chemi.cslComposition -percent (check analysis)

Material+

—

c I&l 1? s Si Cu Cr Ni Al

CN and CA 0.24 0.69 0.022 0.030 0.20 0.22 0.08 0.15 0.034

E 0.21 0.34 0.019 0.030 0.01 0.18 0.12 Otilg 0.003

%cjy-

CA -

E-

center

AES-C Normalized Steel

ABS-C As-rolled

RirmnedSteel

steel

l/4-in. of the specimen< Details for all types of specimens are

shown in Figs. i, 2J and 3.

The type C-L specimen is the st.andsrdASTM l/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 defo~t:ion and readily permitted measurement

of the minimum cross-sectional area. The type C-2 specimen has a circular
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(.) Typec-1 (d) TypeC-2 I

‘‘‘‘+-++
-1

‘d
n

(b) TyP@R-1
G

0.63 (e) TypeR-2

tt’1l“ 5/8’; 2 l/b”
,8** 1,, 1“ 2“ 1. 1“

I r I

(c) Types-l (f) TypeS-2

5 l/2°

FIG. 1. DETAILS OF SERIES 1 AND 2 SPECINIENS.

curvature of l-in. radius at tku?tesf,section, wh,ib the type C-2A and C-2B

specimens have corresponding radii of ,1,/8-zn. 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 ,1.0~respectively. The type C-3 speeimeqs

?mze used On’l)-to determine the zero-to-tension s-n curve at long Lives for

ClY-steel. Specimens wi+h a.rectangular or square cross-section were used to

provide an indication of the Tnfluence of the shape or the cross-section on

the low-cycle fati~e behavior.

In the initial stages of this investigation, most specimens were

made with threaded ends. Later, when two spec~mens which had been subjected

to large pre-compressi,ve strains failed in the threaded section, specimens

with flat ptn endsj as shown in Fig. 3, were adapted to protect against such

failures. In testing the pin ended specimensfitensile forces were transmitted



\ 3“radius

3/4

(b) TYFICC-2E

, 2 @“ mama

>/l!”

I (c)me C-3 I

FIG. 2.. DETAILS OF TYPES C-2A, C-2B

AND C-3 SPECIMENS.

1/2”
1

I
1“ 7/8” 1 3/bn 7/8” 1“ bf-@

1- 5 l/2°
J

FIG. 3. DETAILS OF TYPES C-2, C-21,
C-2A, AND C-2A1 SPECIMENS.

tLrou@ the pin-co~ecti on~ and compressive for”ceswere applied to the

machined flat ends,

All specimens were polished with four grades of polishing cloth:

No+ 120 X metal~,te Cloth, medium grade emery cloth,,No. 320 emery cloth, and

CrOCUS cloth. In the initial period or this test proEmm a few specimens

made of ClI-steelwere po,lishsd in a circumferential direciioc. However} the

remaining spectien~ were lon@,tudinally polished.

5. Testing Equipment

TWO hyth%ulically-operatecl universal testing machines> a 60jO00-.Ib

and a Ki’0,000.’lbtesting math.inepwere used for sta%ic tension test,s~

“one-cycle” testsl part af the cyclic load tests, and most cyclic strain tes~s,

A 10~000-lb universal fati,ggctesting machine was used Tor the long
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liTe zero-to-tension fatigue tests. The machine IS a constant-load type in

which the mean stress is applled through a stat,icloading system. The

alternating stress is obtained from the centri,fhgalTorte that is produced

with an ad~ustable eccentric we@I-b revolving at,a COnSt~t speed Of 1800 r~m.

A 501000-1LII,lli.nois,lever-t~e fat<i~e testing machine} see Fig. 4,

was used for the reversed load fati~e tests. A set o:~special re~ersed-loacl

pull-heads were used to transmit

FIG. 4. 50,000-POUND
ILLINOIS-TYPE FATIGUE
TESTING IvL4CHINE.

he 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 blocksj which bear on the

flat ends of the specimen.

An optical device was used to obtain the ini%ial diameter of the test

specimens. TO measure 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 Tatigue tests a special diameter gage was

Fabricated with SR-k strain gages to provide a measure OT 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
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,., ,’,

k-l

tion A-A

FIG. 5. REVERSED- LOAD PULL-HEADS

WITH A TEST SPECIMEN IN

POSITION.

“!,’
!,

b,,”,
!!

.t -

,,

>,,,,‘!.
-.,’

FIG. 6. DETAILS Ol? THE

REvERSED-LOAD

PULL-HEAD .

[

each 0.00016 in. change in specimen diameter. Special recorders were used to

record simulhmeously the variation or specimen diameter, the load, and the

duration of the tests.



stziiic iens<on test

a~one-cycle’ttest is

compressed. ln the

tests o

and, Similar.lylin reversed-load fatigue tests the

simply a tension test of specimens that have been pre-

presen.treport, i;~eSe ai~e a.1,1 referred to as “one-cyclet~

I EEEIl
,..’ “...

.. . ...

‘k- QJ’’’-”KETKET
IY.— L dc L a=

‘cl Rre-ccdqr emd Steti I I
At Fracture

Iz4
a

% --------;
i

!.+ &

g’

o i Q,.-,.,‘f ,..”
-. ...”’ ...

%1‘

..”Q
‘f

FIG. 7.
a=

STRAIN-CALCULA-

TIONPROCEDURE

FOR “ONE-CYGLE”

TEST



,founddesirable tc

such data fo~’

“one-cycle” tests the strain calculat~on procedure illustrated in Fig+ ?

uas used.. In the vn:rginstakej the test ~ectlon had an or’i~inaldiameter

of do and a plastic true strain of zero,, After a plastic compressive loading

tinezest section was enlar~ed awl posseszcd a new diameter) dc~ and a

corresponding plastic true s-krainof qcl, AT this stage~

were m-machined to their ori@al size and shape,, These

diameter, all.,are assumed to possess s.plas”hc pre-siraln

some of the specimens

specimens with a new

of qcl. The specimens,

either in “HIPas-compressed or in the re-ma,ch~ned contii-bion,~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 &L-acture,qtl, and

the tensile change in plastic true st~a$n, Aqt,lo

(3)Tiletrue straint q, as presented by MacGre@r may be compu~ed

f’romarea measurements by the ~ol,lowincrekiliionsh~p~

where A. and A

the specimen.

f

h=lnflq=.
AOA r

are respectively the ori.flina,.land

13ydel?inition$true SJxam r’e~c’m

(1)

the instmtaneous areas of

to a locskzed deformation

over a given cross section while m@ncerl~iE s~r’ai,nrepresents an average

of the cross deformation over a @ven len@l. Since failure in Iow-cycle

Tatitiwe

to be a

swti on

is Generally a “localizedphenomenon, the trw strain is cons~der(?d

better representation of the plaGLi,cdeforms-tion at the critical

<jIlm~fieenE~,nee~~nRstrain and will be used in this study.

Aftrr a ,specimenhas been pre-compressed the plastic true pre-

Compresszve strain) from Eq, (’1)WI,llbe}

(2)
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T’hen,if the specimen is loaded in tension to fracture, the plastic true strain

at fracture is found to be,

and the Tensile change in plastic true strain,

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

slnps will be>

and

(3)

(k)

corresponding relation-

(5)

(6)

AU “one-cycle” tests we~e conducted on t~e C+! specimens. TO

prevent buckling of the test section at the exire~ely high compressive loads,

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

(a) inserting short steel pins into the pin-holes at both ends of the specimer,

to prevent excessive deformation of the holes, (b) placing +he 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 assembly into the “sleeve” and then loading to the desired defoma’cion.

A picture of a specimen in the “slide” blocks and the “sleeve” IS shown in

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

dial-t~e dismeter Eage set in a position to measure the diameter of the specimen

at mid-length. ~is measurement would be approximate because the material is
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FIG. 8. “SLEEVE AND

SLIDE’!

AS SEtiBLY .

-0:.,
,—, ~,

.—

,,

“~,.,
1

~-

., !>
- .-,!

i ,,
i, ,,,-

,..,.“

‘,”,i,

..

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

not ~soti-o@c and the plastically deformd test section may not remain perfectly

circtiar in shape. However, when the specimen was removed from the “sleeve and

slide” assembly, the diameter of the specimen was again measured in two perpen-

dicular directions with the optical diameter-measuring device and the average

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

computations.

ln general, the specimens remained relatively straight and true during

the pre-compression loading. A typical pre-compressed speCimen (qcl = 51%) is

shown in Fig. ~ along with a virgin spectien. 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 3/4-~n.

standard reamer. The re-machined specimens were then re-processed in the same

manner as the original specimens. The subsequent tenzlon tests were conducted

using the “slide” blocks as pull-heads. After the specimen failed, the

diameter at,the fractured section was again measured with the optical dkmeter-

measuring device to determine the tensile change in pla~tic true strain.
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B. Cycltc Load Tests

In the cyclic “load” tests, the load limits in every cycle were

maintained constant tJarou@loutthe test. When the specinmn could no longer

carry the r~quired maximum load in the teskj the specimen was considered to

have ‘~failed.” Approximately 100 specinmns were tested in this manner at

two stress ratios, i.e., ES = O and -lJ the stress ratioj R5, bein~ de~ined

as the ratio bdwesrl tile cyclic IIIiIIiHM ejq~~~eer~~~ st~-e~s ~~d the cyclic

maximum engineering stress.

All low-cycle constant load fati~e tests on a zero stress ratio, i.e.,

zero-to-tension, were carried out in a L20yO00-lb,universal testing machine.

For th~ series 1 specimens a continuous record of load and elongation, as shown

in Fig. 10, was obtained usi.nEa 2-in. EaGe-length extcnsomwter. However, Tor

most of the series 2 specimens, a record of the changes of diameter of the

minimum section was obtained with the special diameter EaE@,

In zeveral of the tests of type C-2 and C-2A specimens the load was

adjusted and maintained at a level sliGhtQ less than the usual ultimate

stren@h. 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 Tew type C-2 and C-2A specimens were also subjected to

intermittently sustained cycles or load, the periodic loading and unloadin~

cycles being patterned so ithatthe time at ma~imum load remained constant for

each cycle durin~ the life OT a particular specimen. A typical record of.the

load and the change in diameter with respect to time, TOT one of these tests,

Is shown in Fig. 12. The type C-3 specimens were tested at a speed of

1800 cycles per minute to obtain a conventional lon,g-li~ezero-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-lb universal testing machine wtth a test procedure

similar to that described previously for the ‘tone-cycle”tests. In some cases,
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tk specimens were tested with the first load applied in compression and in

other cases with the ftrst load applied in tension. The sm~cimens were then

subsequently subjected to constant alternatinflloads until f’ailtireoccurred.

Measurements were taken ot 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-2A1) were tested

urrderi+eversed-load in the Illinois-type 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 cycles or until the load limits were

stabilized. The machine was then run at a cyclic rate of 40 rpm. However,

at short intervals, the machine was stopped and the load chzcked and readjusted

when necessary. During the %ests, a magnifying glass was used to establish

and observe the initiation of the Yatigue cracks. Ln 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

fati~ue behavior, cyclic strain tests were conducted at constant wlues or

relative-strain ratio, defined as the ratio of ‘ciiecyclic compressive change

~. pks~Lc deformationto the subsequent ‘tensilecilan~ein plastic deformation.

A relative-strain ratio may be expressed Ln terms OT engineering strain or

true strain, as Tollcws,

AEc
rE=—%

(7)

(8)
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Cyclic strain tests were conducted at constani relative-strain

ratios of -1/4, -1/2, -3/4 an~ -1. The correspon~ing strain cycles a~e

i~~us~rated in Fig. 13 where only the limiting values of plastic true strain

F
I

II

+

P ‘d

II

Ill
II

o
i b3 i

r*- +
r.- +

- n . 1 (me-cycle Test)
R

n- 3(---le TQ )

CYCLIC STRAIN TESTSAT

VARIOUS RELATIVE-STRAIN

RATIOS

“b/

b
+
o

r=-l,n=l
\,(One-cycle.t)

‘\‘\v/”
hi

at the maxi.mun”tensile and compressive load applications are presented. Prior

to the start Of a test t).le desi~ed I,tiitsof diameter Tor each cycle were pre-

determined from a given combination of r and Aqt. T& tests were then conducted

with a procedure sitil~ to that used for the “one-cycle’Stestsm

A number of the specimens subjected to the lower strain ranges and at

a relative strain ratio of -1 were ~es~ed ~n the Illinois fa’cigyetestin~

machine. In these tests, the special diameter gage was mounted on the minimum

section or the specimen throughout the test. The electrical output of the
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gages and that of’the load dynamometer of the fatigue

recorded on an x-~ recorder. The fatiuwe machine was

apply either tension or

approached tineselected

reverse dwecti,on until

compression. When the change

madli~e were respectively

manually controlled to

in the specimen diameter

vahe, .&lJthe machine was stopped arxlrun In the

the specimen diameter was reduced to a value close to

the ori~inal diameter, do. The specimen was cycled in this manner between

diameter limits of do and do + M until the specimen fraetmed. A typical

stress-diameter diagram is shown in FiE. lk. Due to the inertia of the

within precise diametrical limits. llever”bheless~it was found that the

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

FJ.G. 14. TYPICAL STRESSES. DIANIETER DLAGRAIMS.
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DESCR1FTIOITAND ANAIYSIS OF TEST RESULTS

The resILltsof all one-cycle “testsare presented in Table E i.nterms

o.Tengineering stress, true stressj ancltrue strain. Some of the syecimens, it

may be not.edjwere re-rnachind after the compressive loading while others were

not. l’Tevert!helPLs,,there does not appear to be any significant di.f~erencein

the resu,l-kobtained from the two types of specimens.

In the one-cycle tests wi,thno pre-compression], i.e.} simpl~ tension

tests} ‘Lruestmss-h-ue strain diazrams were obtained for specimens of CN~ cA,

and E steels and are She-m respect~,ve].yin Figs. l?, 16, and ~“[. T’cmay be

seen that,the curves for both C-steels are similar a.lthouzhthe CA steel

specimenc failed at a lower strain value than the C}i-,steelsspecimens. The

U-q curve for E-steel lies below the other twQ curves by a constderahle ~ou]lt,

Howeverj tlm plastic true strain at f’ractureTor the E-steel specimens was

slightly Ereater than that for ihe CL-steel and about the same as that for

the CN-steel.

The “one-cycle” variation o.ftensile chamEe :inplaztic true straimj

Atl) wttl~~espect to the I?last~ctl”uep~e-~onpressive strain, qcl, is plottd

in Figs. 18, 19, 20 and 21 respectively for t~ypesC-2 and C-2A specimens OT

CIJ-stee.1,type C-2 specimens of Cl-steel and t.~ypeC-2 specimens of E-steel,,

In FiEs, 22, these data, in terms of true strains, are all summarized =d

plotted to~ether in nmmalized form. Tt appears that in Eeneral d~l, the

tensile change in

pre-compression.

chanEe in ,plasti,c

true plastic swain at n = ,1,decreases with an i~crease in

However: the effect of the pre-compression on the tensile

stralu is not the came for the different materials. At

“thesmaller values of pre-strain Ihe specimens o~ IM and CN-tieel exhibited

little char!Eein the tensile change in true plastic strain while the E-steel

specimens gave a.continual decrease with am i~crease in the pre-compression.

Ylevertheless, at pre-compression strains g~”eate~than about 40 percent the rate
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TABLE 2. SUMMARY OF “OKE-CYGLE” TESTS
———... _. —— .— -—
Sp~cimen Rc-M=chined

-—
EngiuceriugS~ress,ksi l’rucStress,hi TrueS$rain,percent

No.
—.— —.. __ .—

—E&mum Tension M=im~ Tension ‘Compression At Fracture
Compression (AtFracture) Compression (AtFracture) %1 AI Ac+l

Load
sc s ou c ‘f

—
c-2.cN3
c-2-cIIL5
C-2.CN29
c-2-cN30
C.2.CN64
C-2-CNll~

No

No

TNo

No

No

No

No

No

No
No

YE’s

No

Yes
no

No

No

No
Yes

Yes

YES

Yes

Yes

No

No

No
No

No
No
No

No
No
No
No

i%

Yes

No
No
Yes
Yes

Yes

No
No
No
No
No
no

No

Yes

Ho

No
Yes
Yes

o
0

0
0

0
0

-69
-70
-84
-99

76
77
76
7’6
77
76

0
0

0
0

0
0

146
144
139
146
132
143

0
0
0

0
0

0

-5

f
-12
-12
-12

-20
-21
-25
-29
-30
-30

-40
-46
-48
-54

0

::
-13
-17

0
0
0

-;
-19

-25
;$

-51
-59

0
0

:
-11
-21

-31
-40
-40
-52
-49
-63

85
86
86
88
83
84

87
84
85

:;
84

85

:;
84
84
83

84
86
77
81

60

2;

z;

77

;2

ii

81
77

%

#

g
85

j!

78
76
74

g
67

c-2-cN123
c-2-CN140K.
c-2-cN120.
C-2-CM-19
c-2-CNlj4*
c-2-cN126+

82
79
83
88

-66
-70
-78
-88
-89
-88

82
78
77
72
71
72

65
63
62
55
54
53

44
40
29
27

60
57
57
44
28

77

%

g

z:

;A
23
10

E
85
9s
63
60

47
36
34
20
20
4

-1oo 90
90-99

-I-I-8
-119
-127
-139
-137
-159

-158
-172
.$188
-201
-162

-7:
-1oo
-128
-144
-150

0
0
0

-9:
-117

-1’0
<-1 1

+9
-1 5
3

:ilz

o
0
0

-8;
.1o2

-126
.142
-142
-169
-169
-202

c-2-cN128*
c-2-cm25*
C-2-CNL21.
c..2-cm_18
c‘-2-cmL5g~
c.2-cNu6++

lo4
lo?
109
U6
119
W1.

-97
.-96
-99
-104
-102
.103

C-2-CN12’7*
c-2-cN137*
c-2-cm29
C-2-CN523
C-2.CN122

159
150
155
168

-107
-109
-117
-117

149
154
L48
w

Failedin Thmak

c-2A-cN156
C-2A-CN303
c-2A-CN304
c-2A-cN307
C-2A-CN309
C-2A-CN305

-7;
-95
-113
-la

157
152
1>7
149
140

Failed in Threads

0
0
0

-8:
-97

C-2-CA2
c-2-cAlo
c-2-cAlol
c-2-cIuo9
C-2-CKU1
C-2-CLU

141
144

c-2-cKL06
C-2-CAE
c-2-cKL5
c-2-cKD4
C-2-CAI-07
c-2-cmo5

U4
ml
134
135
163
179

-101
-105
.109
-107
-113
-119

C-2-E2
C-2-ELO
c-2-Elol
c-2-E109
c-2-E1’4
C-2-E103

o
0

c-2-E8
C-2-EU3
C-2-E1l
C-2-E12
c.2-E115
c-2-E3J-6

107
122
122
141
141
168

-92
-95
.95
-101
_lQlb
-107

WChespecimenwas artificiallyagedat 150°Cfor90minutesbeforethetensiletest
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2
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d

PlaAic True Pi-e-compressive Strain, qcl,Percent

of change oT .@,.q WFM ~pproxti~t~ly +JIP smm for all three steels. In the
L&

Tigures %t 5s evident that,the total plast.ic strain necessary to cause fracture

after a compressive pre.straining will be a function not only of the -pre-

Compression but alfioa Tunctmn of the materlalo Furthermore, the figures

FIG. 20, TENSILE CHANGE IN”PLASTIC

TRUE STRAIN AND PLASTIC

TRUE STRAIN AT FRACTURE

VS. PL4STIC TRUE F’RE-COM-

PRESSIVE STRAIN FOR TYPE C-

SPECIMENS OF AES-C AS-

ROLLED (CA) STEEL.

2
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k,-per,~t
Qf

demonstrate that> although the plastic true tensile strain ~1, based on the

orisinal dimensions of the specimens~ decreased markedly with the magnitude or
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zhe p-e-compression, the total chanse, +1, dtd not vary significantly for
.

pre-strains as hi.Ehas 40 perceni.

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

pz-e-compression and tensile strain to failure. The type C-2A specimen with a

small (.1/8 in.) radius failed at much smaller

type C-2 specimens with a l-in. radius.

The one-cycle test data may also be

p,lastictrue s%rain

considered in terms

than did the

of engineerin~

stresses, as shown in Fig. 23. Here it is found that the pm-compression

affects the ultimate tensile strength when the pre-compressive stress exceeds

the bas~c %ensile strength of the material. Howeverl it must be remembered

that the area chan~es as a result of the plastic

and affects markedly this relationship.

8. Cyclic Load Tests

deformation in pre-compression

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

tension losdings (constantmaximum load) were tested with very high loads in

a manually operated universal testing machine. The cyclic rate for most ~.ests

I CA A A

?4 F, o ● I I A%

/
[

ho

o
-160 -2000 -40 -80 -120

FIG. 23. v~R~~~oN OF uL~~~TE

TENSILE STRENGTH OF

TYPE C-2 SPECIMENSWITFI

CORRESPONDING ENGINEER-

ING STRESSAT MAXIMUM

PRE-COMPRESSIVE LOAD.

mgineerhg stress atM~
We-compressive ti~, 5C, ~i
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was approximwlmly one cycle per minute. The C-3 specimens (used for long life

tests) were -testedin a Sonntag ~ati~e testing machine at a speed of 1800 cpm.

The resu<ltsOT these zero-to-tension failgue tests are llsted in Table ~.

A complete s-n curve for unnotched specimens (types C-1 and C-j) of

ClT-steelis shown in Fig. 24. It is to be noted that type C-1 specimens were

tested at a speed of 1 cpm while type C-j specimens were tested at a speed of

1800 cpm. Nevertheless, this diagram serves to indicate the general zero-ko-

tension ~ati~we behavior for the C~-s’keeland provides a fatigue limit for

this matel~tal of apprOxima-@ly 52)500 psi at a li~e OT between 106 and 107 cycles,

Conventional s-n curves for series 1 and 2 specimens of ClT-steelwere

also obtained and are shown in l?i~.’25for ltves of less than 1:000 cycles. Tt

is Tound that there was no significant d~~ference Ln behavior for the va~ious

cross-secttonal shapes (round, square or recta.qj-dar). However, a reduction in

the i-adiusat the test sectionj althou~h providing an increase in theoretical

stress concentration> p~ovided also an increase in the f’atigueresistance OT

the members at the short lives. This effec-~is just the opposite of that w~ich

a notch produces illthe fatigue strength at lonflerlives. Again, it is seen

that the geometry of the specimens (that producin~ a stress concentration) has

al effect on their behavior.

A tither evaluation of the low-cycle fa.tik~edata,,based on the true

stresses at the first as well as the last maximum load is presented in Fig. 26

aloryj with the relationship for the maximm en@neering stress for type C-2

specimens. The divergence or the true su-ess curve in thi~ diaEram illustrates

that dur~~l~~he ?jes~sthere was rnol-~chan~e in the Cross-sectional area, of the

test specimens subjected to the lower ~o~s (longer ~i~es) t~~ in tilesp@CtiHIG

subjected to the higher loads, a condition that is generally not expected ix

fati~e. It mst be remembered, however, that this behavior is for lives only

up to approximately kOO 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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TABIE 3. SUMMARY OF ZERO-TO-TENSION LON3 FATIGUE TEST DATA
——

SpecimenNo. Maximum Cycles Strs.inat
Engineering &mes.s, to Failure, First Max. Load, $

ksi, s n
—

C“%CN29
C.2.CN33
C2.CN58
c-2-cN59
c.z-cmo~
C.2-CN104
r-2-cN105
c.2.,cLL06
c-2.~~J~07
c-2-cM08

C-2A-CN156
c-2A.cN157
C-2A-CN158
C-2A-CN159
C-2A-CNEL”(O

c-zm-rN160
c.2B-cN161
c-2B-cN162

Ii-l-cm
K.1-cN26
R-1-CN50
R-1-cN62

R-2-cN4
R-2.cI16
R-25,CN1O
R-2-.cm6

S-1.CN’2
s-1-cNi4
S-LCW56

s-2-cN5
s-2-cnIll
s.2-cIn7
S-2-CIKL8
S-Z-CN46
S-2”.CN4T
s-2-cN48

6805
68,4
64.1
68,4

75.9
72.9
76,0
7L.6
79”4
78.5
75.0
75.8
79.5
70.7

95.5
95.0
93.8
95.6
91,0

71.9
7’4.5
73.0

50.0
52.0
5930
53.0
60.0
58.0
56.0
54.0
5“[.0
52.5
52.8

6g.4
68,8

75.5
74”9
76.5
76.3
73,0
78,5
78.5

1

63;
18

7;
18
53
5

10
96
84

1

7’
27’

lo,088,000---
lo,ooo,ooo-~

4,000
2,713,000

8,000
328,000
750,000
q)7,000
257,000

lo,54-6’,ooo-~
6,~04,000

20
41
‘(
1

20.0
20.0
8“5
1.2.0

25,5
12,5
1765
l~ko5
17.2
ls.O
10.2
10.2
24.0
8.5

22,0
20.0
12.0
16.0
10.5

22.0
1.7.0
14.0

Tested at 18OOcptnin

FatigueTesting

Machine (-~-NoFaih.me)

18.0
20.0
14.2
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FIG. 24.

FIG. 25.

FIG. 26.

Numb.,0s Cwcly , .

S-N CURVE FOR UNNOTCHED SPECIMENS OF ABS-C NORMALIZED STEEL SUB-

JECTED TO ZERO-TO-TENSION FATIGUE LOADING.

NUIIhC.01 CYCk., n

..—..-..,....-A

S-N CURVES FOR ZERO-TO-TENSION LOW--CYCIX FATIGUE TESTS

NORNLALIZED,,STEEL.

%.
~.
;
.

0

OF ABS-C

TRUE AND NOMINAL STRESSES VS. LIFE FOR G-2 SPECIMENS OF ABS-C

NORMALIZED STEEL.
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a mar’ked change or transition in tr-m stress behavior cam be expected at an

intermediate Iif’cand m@lt provide a mealz OT differentiating between plastic

,Icw-cycle

low-cycle

fatigue and long-liTe fatigue.

When plotted on the basis of engineering stress it is Tound that the

portion OT the s-n m-n-ve

pronounced for the plain specimens

that the maximum average stress is

In zero-to-tension fatigue tests.

is rather flat. This flatness ifimore

than for those which are notched and suggesks

not a good discriminator of low-cycle life

As a result, many investigators present low.

Cycle Tatigue data 5n terms or strain rather than stress. k shown Ln FTgs. 27,

28 and 29 the stra~a (engineering strain fo~ the series 1 sp~cimens and true

strain ‘forthe ser,ies2 specimens) at the ~i,rstmaximum load is a more sensitive

parsmetm’ than th~ maximum engineering stress ~or the presentation of Tatiwe

da’cafor Tailure in less than approximately AOO cycles. strai@-b ,ljnescan be

used most effectively to represent the data.

‘lestdata for sustained maximum load Tatigue tests are Iis-tedin

Table IL. Figure 30 shows the relatiomlli.pbetween the initisl t~ue stmin at

the maxirnw load VS. the time at the maximum load for one-cycle sustained loafl

tests. Thus, typical of a creep-rupturerelationship,the time to failure was

I

“=~”’
0c-1t

-++

4 R-1

~ s-1
. FIG. 2i’. ENGINEERING

STRAINAT
l?IRST MAXI-
MUM LOADVS.
LIFE FORC-1,
R-1 ANDS-1
SPECIMENS.

II 10 100 lm

mdmr of Cycleo, n
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FIG. 29. TRUE STRAINAT FIRST MAXIMUM LOAD VS. LIFE FOR
C-2A, C-2B SPECIMENS.



C-2A-CN ,166, and C-2LL-CN

102K17but with di~feren-b

lives of these specimens

169) that were sutijeeted to approximately

lengths of time for the sustained Maxhmm

varied fl-om 6 tO 27 cycles 8,s a I“esult of

the same

load . ‘The

VWYinL the

TABLE 4. ZERO-TO-TENSICJNS USTAINED LOADFATIGUE TEST DATA
.—

Specimen Maximum Stress cycles Strain at Tim per
IJO“ to Tailure, First Max, Load cycle &t

ksi, s n d/0 Max. Load,
Minutes

c-2-cmo9 74,8 1.0 17.2 ZzL.o
C-2-CN1l,l 75.1 1..0 19.0 ‘7.5
C-2-CNU2 “(7.0 2.2 1’(.0 5.0
!c-2-cNuj 76.5 1“0 r(.5
c-2-cm16

16.0
77.4 3“0 18<,0 2.5

c-2A-cNl,6j 93.4 1.0 21.0 0.5
c-2A-c1T164 91..4 l.O 13.6 44.0
c-2A-cn65 92.2 1.0 .16.0 6.25
c-2A-cm,66 90.1 1,1.0 11.6 5.0
C-2A-CN16T 92.4 1.0 1,>.5 10.5
c-2A-cN160 90.4 6.3 11.6 10.O
c-2A.cN169 89.8 23.0 11.5 l.O
—. —. ..—.

STRMNVS.
TIMEAT MAXI-
MUM LOADIN
ONE-CYCLE
SUSTAINED
LOAD TESTS
FOR TYPE C-2,
c-2A sPEcl-
MENS OFABS-

C NORMALIZED

ST’EEL.

min.atMazbluuImd, Minutes



between the timr at the maximum load per

with approximately the same in~tial true
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cycle and the fatigue life TOT specimens

s~i>~hs are shown in Fig. 32. It is

evident that the load pattern or length of ‘Mm sustained at the maximum load

has EL marked effect on the low-cycle Tati~le life in the zero-to-tensiontests

at a constautmaximum load.

~ooo c-pm:

long-life

lt is senerally found that tk? rate of Cycling, if below approximately

has no significante~fect on the fatigue streng~h of a member under

fatiti~eo However, M the case of low-cycle Taiiawe it can be expected

that the loadin~ rate, the magituile of the load, and the length of time that

the maximum load is sustained will all affect the behavior. Lower rates of

.loadin~,higher loads and longer periods o? sustained load will each tend ko

reduce the number of cycles,to failure.

’20

10

0

20 ~ I I I I I I I IC-2A-C17169 I

10

0
0 20 4C 60 PC I.m

Time,14imte6

FIG. 31. LOAD-TIME PATTERN FOR SPECIMENS SUBJECT’ED TOINTERMITTENT-

LY SUSTAINED LOADINGS FOR TYPE C-2A SPECJ.MENS OFABS-C

NORIVIALIZEDSTEE L.
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Reversed-Load Tests. The results of reversed-load Tatigoe tests for

several types of specimensprepared and tested in various ways are listed in

Table 5, and plotted in l?~,gs. 33 and 34. In both figures, I-tmay be seen that

the direction of the first ,loadi,ng(whether tension or compression) appears to

have a mall e~fect on the fatigue behavior of types C-2 and C-2A specimens at

lives less than 100 Cyclesa I?igrme33 shows also the effect of the direction

of polishing; spectiens prepared wi$h longitudinal polishina had a somewhat

higher fatigue strength than those with transverse polishing. In the same

fitigre,it may be seen that there is no aging effect in the life region between

103 and 104 cyc,lesTOT specimens aged at lives ranZing from L to 500 cycles

and then tested to failure.

The low-cycle reversed load fatigue behavior of Types C-2A and C-2Al

specimmns is shown in Fig, 34. The specimen with the higher stress conce~l”bration,

type C-m,, had a higher strength at n . 1, but gradually lost this advantafle.

The fatigue resistance of the type C-2A specimens is found

Of the type C-2A1 specimens at a life of approximately 104

of the plain type C-2 specimens at a life OT approximately

to be equal to Yla_k

cycles, equal to that

105 cycles and, at

greater lives, the Tatigue resistance of the type C-2A specimens would.be lower

than the others. This general behavioi- 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 investigators.

In the reversed-load tests the specimen diameter was measured after

each loading and the corresponding true strains then computed. As a result,

strain h~stories of the type shown Ln Figs. 35 and 36 were obtained. lt is

evident that in tests where load limits are maintained .constant the plastic

strain limits voxy throughout the tests. In these particular tests, the plastic

true strain Mmlt,s increased continuously with an increase in the number of

load applications and then cxlnibi,teda major jump to the ultimate plastic true

strain in the final cycles.
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TAJ3LE 5. SUMMARY OF REVERSED-LOAD FATIGUE TEST DATA.

—
Specimen Stress l’hmberof Cycles nc
No. Cycle N

c’
N

ksi
f’ q

VisibleCrack Failure

(TransverselyPolished)

1
2
4

+ 83 (c)*
~ 78 (T)”~
+ 79 (c)
T 74 (T)
; 74 (c)
~ 69 (T)

c.2-cN120
C-2.CIKL38
c-2-cNI-32
C-2-CN135
C-2-CNIJj
c-2.c.N12b

6
16
34

48

52;
2543
4149
1724&

C.2.CNIJ7
C-2-CN505
r-2-cIT501
c-P-cN502
C.2.CW504
c-2.cN503

3;5
1295
2716
12200

1
L6
23
29

C-2A.CN304
c-2A-cN302
c-2m~310
c-2A-cN306

13

.;823

(LongitudinallyPolished)

118 224
85 130

+ 75
; 75
+ 70
T 65
T 60

0.53
0.65

c-2-cN41o
c.2-cN404
c-2-cNk03
c.2-cK40Y
c-2-cN402

240
500

1300

bbo
750
1900

c-F-cN408
c-2-cN401
C-2-CJW4
c-2.-cN4o6
CW2-CNh05
c-2-cIY407

1800
2600

66;0
10000
10200

2500
5200
5306

1;%:
12800

1544 (aged
(aged

Iagedaged
aged
(aged

after1 cycle)
after1 cycle)
after1 cycle)
after204 cycles)
after 509 cycles)
after1 cycle)

C-2-CN509
C.2.CN506

+ 60
~ 55
+ 50
T 50
T 50
: 45

C-2.CN5U
C-2-CN5L3
c-2-cN515
Ck2-CN512

2400
12502

.71

.77
C-2LCN41L
C-’ZL-CN415

+ 50
T 41

3400
6292

394
1080
3000
5500

24300

c-2A-cN420
C-2A-CN41g
c.2A-cN416
c-2A-cN417
c.2A-cN418

329
610
ZLoo
2900
10200

C-2Al-CNb23
C-2KL-CN4ZL
C-2KL-CN422
c-21u-cN424
c-2xL-cNL25

+ 60
T 50
T 40
: 35
~ 30

240
1700
4400
18963
28200

1000
2700
g84P
12700

‘~(C) - First load appliedin Compression,

(T) - Firstload appliedintention.
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LIFE FOR SELECTED SERIES 2

SPECIMENS OF ABS-C NORMALIZED
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FIG. 33. S-N CURVES

FOR TYPE C-2

AND C-21

SPECIMENS

OF ABS-C

NORMALIZED

STEEL IN

REVERSED- LOAD

FATIGUE TESTS.

FIG. S-N CURVES FOR

TYPE C- .2AAND

C-2A1 SPECI-

MENS OF ABS-C

NORMALIZED

STEEL IN REVERS-

ED- LOAD

FATIGUE TESTS .

Mmber of Cycles, n
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Numb=r of Amllcatiom of TeA.la J.md,i

FIG. 35. STRAIN HISTORYFOR TYPE C-2 SPECIMENS OFABS-C NORIvlALT.ZED

STEEL IN REVERSED-LOAD LOW-CYCLE FATIGUE TESTS.

I I 1 I I I I I I I
11’ ’’’1 ’’’1 ’1 ’’’’ ’1’’’”1 “’1 ’1’’”

C-2A-CN 302
A

I
C-2.&CN 310

I I
C-2A-CN 3&

o

I 1 I \ I 111111111111111111111111 11111111111111111

0 6 u? M 24 30 36 42

Number of App3.ica+.ioM of Tensile -, 1

FIG. 36, STRAIN HISTORY FOR TYPE C-2A SPECIMENS OF ABS-C NORMALIZED

STEEL IN REVERSED-LOAD LOW-CYCU FATIGUE TESTS,

The specimenstested

the tests. Thermocoupleswere

determine the magnitude of the

at 40 cpm and

attached to a

heat increase

high stressefiheated up durin~

number of selected specimens to

w~th respect to the nmber of
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cycles. In Eeneral it was found that the temperature OT the specimens increased

rapidly initially and then gradually came to a

Fig. 37. Here it may be seen that the rake of

“thelevel of the steady-state temperature both

the magnitude of the applied stresses.

stedy-stat,e value as shown M

initial temperature ehan~e and

increasedwith an increase in

cycles to

50
FailuTc

C-2-W 505 C.2.CN50> 35
C-2-C21410 .@k

(,65k,~)
.2-CR1+10

c-z-m 501 545
1544

<*75 k.!) C-2-CNX9
C-2.CN 5C6

#
3555

C-2-R! 515 66v
C-2-CN511 7647

c-2-CN503 C.2-LW5JI 5y6

im 30

11

i
La
: 20

5
E

3
10

I

..
0 lW 200 ~m 403 503 6m 700 em

NvniDerof laad A]@icatiom , i

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

SPECIMENS OF ABS-CNORMALIZEEI STEEL DUFHNG REVERSED

LOAD LOW-CYCLE TESTS.

b the reversed-load tests the appearance Of visible cracks was

noted and has been related to the number of cycl~s to ~ailure.

FJ12P, as ~resen~ed in Fig. 38, may be represented approximately

N =N:”95
c!

A relatively small scatter band was obtained in these tests and

have been considerably sualler if more refined methods had been

the time of crack initiation,

Avarieky of fractures and lives have been obtatned in

load tests; depending upon the magnitude of the applied load. A

rI’hisrelation-

~y the equation,

(9)

~ouldprobably

Ised to determine

the reversed-

number or
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10

FIG. 38.

symbol $peclmen P01i6hing mating

J!XE!S— —Direct ion Speed , ‘x ●,
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x

A
v

10

c -2
c-2

C+l
C-2A
c-2A

c-m =: ii!d#F ,/

+

/

“ Y“#Yl/ 1/
Nc=Nr’/

/
//

?TF
102 1$

Number of Cyclefi to Failure, Nf

L-----

-1.—.

L10

-—

/

lo?

NUMBER OF CYCLES AT DETECTION OF A VISIBLE CRACK VS. NUMBER
OF CYCLES TO FAILURE FOR ABS-C NORMALIZED STEEL SPECIMENS.

typical Tractuxes may be seen in Fig. 39. h this figure are shown four type

C-2j one t~ypeC-2A and one type C-2A1 specimens. The four Q-pe C-2 spectiens

demonstrate the effect of stress magnitude and indicate that there are more

cracks in the

stresses. ln

is portrayed.

specimens tested at the hi~her stresses thsm

the three specimens of Fig. jg(b) the effect

The larger radius provides a more irregular

those tested at low

of specimen geometry

Traclnuceand a

msrked increase in life.

9. Cyclic Deformation Tests

A total of thirty-five type

relative-strain ratios or -1/4, -1/2,

vs. cycles) diagmms il,lustz-stingthe

are shown in Fig. 13. The results oT

C-2 specimens were tested at constant

-J/~ and -1. Schematic q - n (strain

cyclic strains for each of these r-rattos

these tests are listed in Table 6 and
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(a) Effect of Stress Level

.,, .,..

(b) Effect of Specimen Type

FIG. 39. TYPI~AL FRACTURES FROM REVERSED-LOAD LOW-CYCLE

TESTS.
FATIGUE

plotted in Figs. 40, 1~~and ~2 for the three s-keeletested.. It may be seen

that straight lines with slopes that vary with the r-ratios fit tk da%a

quite well. These data may be further cornbine~by dividing all plastic true

strain values by their cor~espondingvalues of ~1, the plastTc true strain
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FIG. 40. CYCLIC DEFORMATION TEST RESULTS FOR TYPE C-2

SPECIMENS OF ABS-C NORMALIZED STEEL.

1 10 100 lm
mmbrof A@icn*lonE of Tenuih landPrim?~~Eshmim .–..—..

41. CYCLTC DEFORMATION TEST RESULTS FOR TYPE C-2
SPECIMENS OF ABS-C AS-ROLLED STEEL.

Tor one-cycle. These strain V5L17X?Sare said to be “normalized.
,,(4) Figure 43

is a diagram with normalized cyclic tensile change in plastic true strain

plotted against n, the cyeks to Tajlure, on a log-lo~ basis Tor all three

s’ce~k tested. When the test data are presented in this man.uer~ there ~O~S

not seem to be any effect of material on the slope OT these relationships.
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TABLE6. RESULTS OF CYCLIC DEFORMATION TESTS.

Rekt.ive- CyclicTensile Normalized
Strain

Specimen
Changein Plastic CyclicTensile

Ratio TrueStrain Changein Plastic cyclesto

Aqt Noo percent TrueStrain, percent
Failure

~=q &t Q#Qtl n

-1

C-2-CA*

c-2-cKL08
C-2-CJU6
c-2-cA7

c-2-CN*
c-2-cN518
C-2-CN517
c-2-cN5L6
C-2-CN519

C-2-CA*
C-2-CA112
c-2-cu04
c-2-cA12
c-2-cA8

C-2-E*
C-2-EU1
c-2-Elo8
c-2-E107
c-2.E3.12

C+CA*
C-2-CA113
C-2-CA105
C-2-CA13
C-2-CAj

c.2-uiK”
c-2-cN508
C-2-CN507
c-2-cN524
c-2-cN522
C-2-CN521.

C-2-cA*
C-2-CIW5
C-2-CA5
c-2-cA14
c-2-cA4
c-P-CA116

C-2-E*
C-2-E106
c.2-E105
C-2-E15
c-2-E6
c-2-E7
C-2-E13

80
30
20

10

77
4.0
30
20
10

50
20

10

76
42
21
11
5
2

66
39
20

:

3

66
40
19
8
6

4
3

100
38
25
13

100
49
36
24
12

100
52
39
26
13

40
27
lJ

100

z
28
17

100
55

;:
6
3

100

;:
13
9
s

100
61
29
13
9
7
It

1

3
5
10

1
7
(
6
M

1.

3
4
‘(
1.4

1

3
lLI.

1
2

4;
90
261

L
2
10
42
91
182
322

* In’~crpola4~ionfor l’OnE-CyCle”test results.

Emlw obtained a constant,true strain at fraetur& in his repeated

tension testsj regardless of the number of cyc,le”sapplied prior to tiacture.

ln the progrsanreported herein it was observed that Yor a group of C-2 type
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FIG. 42. CYCLIC DEFOR~TION TEST RESULTS FOR TYPE C-2
SPECIMENS OF RIMMED STEEL.

m l-- ‘
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43. CYCLIC DEFORMATION TEST RESULTS FOR TYPE C-2

SPECIMENS OF ALL TEST MATERIALS PLOTTED IN

NORMALIZED FORM.
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TABLE 7. PLASTIC TRUE STRAIN AT FRACTURE OF SPECIMENS IN

ZERO-TO-TENSION CYCIJC LOAD TESTS

Plastic True Sirain
Specimen Max. Stress, Cycles to Failure

No.
at Fracture,
percent

kst n qf

C.2-CN109 75 1 82
C-2-CNIII 75 1 82
C-2-CN113 77 1 82
C-2-CNU5 75
C-2-CN112 ; !%
C-=2-CN107 $;
c-2-cN116 : 2
C-2-CN103 !J 5 79
C-2-CITL04 79 10
c-2-cN58 76

79
18

C-2-C1T59 75 53 :;
c-2-c1133 ~lp
c-2-cu106 ;2 :5 81
C-2-CNL05 75 96
c-2-cIT108 71 352 E

ClI-steelspecimens cmbjected to various amounts of repeated tension, regardless

of tinemunber OT cycles of tensile load before fracture, the Tinal value OT

plastic -hue slma~n at fracture was more or less constant for the zero-to-

+.mnsion10w.cyGk tests. The plastic stra%n data from these tests aye listed

in Table 8 and also plotted in Fig. Loll. It is ewident that, in these tests,

regardless of the number of cycles of’tensile load applied berore fracture,

the final value of plastic true strain at fracture is more or less a constant

Tor the materials studkd and at least for lives as great as 350 cycles.

Therefore, i% is reasonable to conclude that for low-cycle fatigue tests in

repeated tension only, i.e., r = O, the cyclic tensile change in plastic true

strain is linearly accumulative.

In the cyclic deformation tests where the limits in true strain were

monltoml in each cycle> the magnitude of ‘loadnecessary ‘cocause these strain

changes varied, generally increased, from cycle to cycle. k Fi@o 45 and ~L6

are shown the envelope or true stress histories of cyclic deformation of

Type C-2 spectiens of the CN steel tested at relative-stress ratios of -1/4



and -.1. In general$ there

number of cycles. In ml.Ch

due to ~epeated loadings.
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. .

was au increase also in true stress w~th mcreas~llg
,f~tra~n-hal~dened’~

cases the specimen is said to have

lt is also noted that generally there is more

1 11
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FIG. 45. TYPICAL REWTIONSHIPS

BEWEEN TRUE STRESS AND

NUMBER OF LOADAPPLICA-

TIONS FOR RELATIW-STWIN
RATIo OF - ~/4.
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slmai.nhardenin~ in specimens subjected to higher strain values and lower

relative-strai,n ratios. The true stress curves of Fig,,45 at a relative-

strain ratio of -1/4 are much steeper and show a greater change with life

khan &o those or Fig. 46 and thereby show a greater “strain-haxdening” effect
.

IWmber of Imad Appllcat.loaa, i

FIG. 46. TYPUXLRELATIONSHIPSB ETWEEN TRUE STRESS AND NUMBEROF
LOAD APF’LICATIONSOF RELATIVE-STRAINRATIOOF -1.

Apparently under a complete reversal of =-brain,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 specfiens are shown in I?iE.47. In the top row,

three “one-cycle’!test specimens are presented, one for each matexi~. 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

when large compression loads were employed, but only

b the second row three CA-steel specimens are shown

cracks. oTten resulted

for E-steel specimens.

after being tes’cedat
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FIG. 47. VARIOUS FRACTURES RESULTED FROM CYCLIC DEFORMATION TESTS.

relative-strain ratios of .0.25, -0.50, and .0.750

,lh, and 17 cycles respectively. All six spactmens

These gave lives of 10,

exhi’oitedcup-and-cone type
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In the bottom row of Fig. 47 are shown specimms or the three

with r = -1. There was evidence of numerous surface cracks on

-therebydemonstrathg that these specimens were close to failure

at a number of ,locations.

-N. A LOW-CYCLE FATTGIJEIWPO’TIDHIS

100 Other Investigations of Cyclic Deformation Low-Cycle Fatigue Tests

A. lkcperimentalResults

In 1912, Kommers(6) concluded from a series of cycltc bending tests

that the magnitude of the cyclic deflection was an important factor in low-cycle

fati-o-estudiez. Later, “unit-deformations’tor “engineering strains” were used

as test parameters by various investigators to includ~ the effect of possible

variations in the initial gage length of the specimens. In recent low-cycle

Tattgue investigations there has been an increase in the use of “true strains.”

Nevel+thzlessJ the computations of “unit deformations” “engineering strains,”

and “true strains’iare st~ll based on the measurement or gross deformations or

deflections of the specimens. It is to be noted that the distribution of

‘~engineerings%rains$’within a certain volume, or the distribution of “true

strains” over a certain cross section is not always uniform, especially when

appreciable

in the test

refers to a

changes in geometry, such as the occurrenceof cracks, take place

section<,Therefore,in the followingdiscussionsthe word “strain”

representationof some gross deformationor deflectionexperienced

by a portion of tilespecimen rather than a very localized phenomenon as the

word “strain” sometimesimplies.

Evans~5~ repeatedlyapplied tensile forces to produce constant

incrementsof lon@tudi,nalplastic strain to axially-loadedspecimensmade of

various metals. He observed that while the total engineeringstrain at fracture

Zncreased as a result of repeated lo’adings,the true strain at Tractureremained

constant in most cases. ln Fig. 48, cyclic tensile changes in plastic engi-
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nu.der of cycles to fracture N, are plotted

and a copper wire. H may be seen that,

.—

. copper Wire

o Mud steel

\

—

—

—

)00

Nunib@rof Cycles b Failure, Ii

FIG. 48. TYPICAL LOG ~c+VS. LOG NDIAGRAMS OBTAINED FROM

REPEATEDTENSI;N TESTS.

for specimen lives less than about 100 cycles, straight lines with a slope 01

.1 fit the test potnts quite well.

~ow(7,8)
car~ied out bending fati~e tests on two aluminm alloys and

three steels at room temperature, and Johansson
(9) conducted cycl?c bending

tests on three steels at various temperatures ranging

Again$ both inveskiga~ors found a lineal-‘elationshiP

and corresponding specimen lives on 10g-10E Plois.

(10,11>W}13) have
Coffin and his associates

from +20° to +500°C.

between cyclic sirains

conducted extens?ve low-

cycle fa~ijgue tes%s on 347 stainless steel specimens with thermal and mechanical

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

bas~s for their tests. Recently, they have placed emphasis on the usage of



true strains

In analyzing

it was found
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both in the testing and in the analysis of their test results.

their own data as well as reversed strain tesi data of others7

the test points on log%

log 11 (number of cycles to

lines with a slope of approximately -0.50 best fit

(cyclic tensile change in plastic true strain) vs.

failure) diagrams as shown in Fig. 49. Iiowever,

Douglas and Swindeman
(14)

tested IIaskelloyB, beryllium, and lnconel at

temPeratul~esabove +1300UF and obtained for these materials straight llnes

with slopes ranging from -0.58 to -0.81-on a log As% VS. log IIdiagram. In

1~~~, 14ajors}~5) ‘m reversed-stratn tests on axially-loaded specimens of

titani,umand nickel at high temperatures, Tound the slope to vary Trom -0.48

to -0.51. More recently,Dubuc
(16) found a slope of -0.53 for a low carbon

steel and a brass in cyclic axial stratn tests. These

that the slope of’log O.Et (or log Aqt) vs. log N lines

depend upon the test conditions.

differences ind~cate

may be a variable and

Many constant-deformation tests have been conducted on 2024 ST

aluminum alloy. In 1949, Liu et al
(19)

carried out under axial-loading,

1()00

100

10

1

.1 1 10 100 Moo

Muuiber of Cycles to F~lure, N

TYPICAL LOG A VS. LOGN DIAGRAMS OBTAINED FROM
%

STRAIN LOTWCYCLE FATIGUE TESTS.

1000C

REVERSED-
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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 kin and Kirsch,
(2)

Pian and D%ato(’8) performed low-cycle Tatibme tests on the same material but

with variations in ‘theabsglute-slxaia ratio, R (i.e., ratio of cyclic minimum

strain to cyclic maximum strain), and obtained data for lives up to 200 cycles.

Later, 13’Amato
(4)

carried the same type OT tesz up to 10,000 cycles. These

results also show that straight line relationships exist between the cyclic

tensile chan~e in plastic strain and tinespecimen life on a log-log scab.

However, the slope of’the lines was aependen% upon the value of mea strains used.

Sachs et al(19’20) conducted both axial and bending low-cycle fati6me

tests on specimens of A302 steel, 5454-0 aluminum, and 2024-T4 aluminum alloy.

They report that the ef~ect of mean strain becomes insignii’icantwhen the

specimen lives are greater than 10,000 cycles.

In 1960, Mehringer and Felgar
(21)

reported a series or thermal strain-

cycling 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 pi’esented in

terms of stress vs. life. This experience indicates one of the limitations

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

ductility materials.

B. Analysis

‘22’23] -publishedhis theory on the fatigue o~metakSince Orowan

in Igjg, ‘dieresults of many experimental studies have confirmed his pre-

diction that a linear relationship exis%s between log DE% and log N. h his

original theory
(22)

emphasis was placed on the assumption that the distributioil

OT stress in the material is not homo~eneouso With an additional assumption

that reversed local plastic deformationscould cause a.progressive work-

hardening in the material, i.twas postulated that failure would occur at
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points where either the stress or

critical stress or strain value.
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t,he total absolute plastic strain reached a

Later, Orowan
(2jj’

suggested the following

express~on Tor cyclic strain tests,

N .&t=c (lo)

‘here ‘t
~S ~~~eCyC~~C t~n~ile chmge in plastic engineeringstrain and C is

a constant.

It is noted that Orowan’s theory was originally intended to explain

the fatibme behavior of an idealized material at pohts where stress-

concentrations exist. Thereforej Eq. (10) must be modified for cases where

strains representin~ the gross de~ormation of a specimen are used Lnstead 01

the localized strain values. Nevertheless, thts relationship has served as a

basis for most of the hypotheses that have since been developed. Gross and

stout}’k~ as well as I@nson,
(25)

on the basis of reversed-strain tests,

introduced a new variable, m, into Eq. (10)

Nm .&t=c [11)

where m is an empirical constant obtained from the slope of the 10g Ast VS.

(1~,1~) fo~d +;ha~a corlstan~log N dia~rsm. Later, Coffin and his associates

slope of -1/2$ (i.e., m = 1/2) best fit their test data, as well as tha+ of

many others, and suggestedthe following expression:

where ~ is the plastic true strain at

Recently Martin
(26)

obtained

oT an energy criterion.

fracture in tension.

the following expression on the basis
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Extensive comparisons made by Martin show that, for axial strain tests, the

right hand term in Eq. (1~) gives a better prediction of the constant C than

that uaed inEq. (X2). However, the right hsmd term in Eq. (.12)seems io give

a better prediction of the constant C in the case OT Tlexdral strain tests

conducted at high temperatures.

~elberich(27’28) obtained Eq. (14) byiakinE into consideration the

(14)

(15)

the meafistrain. In

subsitw.tede
lIR’

the

Test resii’cson

(14) describes very

ve~.1the low-cyc,ie ~ati,gdebehavior for various mean strains. However, it

maY be noted that (a) Vne apparent fracture ductility) E$ iS a nominal value

which is di~flcuit to obtain; and (b) this relaiionshlp applies only to

tests with posit.lvemean strainfi,modifications must be made for other

values of mean strain.

c. ~’one.cycle”Tests

In the above-mentioned reTermcesj it is noted

strain tests had been conducted under reversed-lodin~s.

Jc,hat most cyclic

At the lowest



-52-

possible number @ cycles in a reversed-strain test,

simp,lybecomes a tension test of specimens that have

compressed? or briefly a “one-cycle~ftest3

the cyclic strain test

been plasticallypre-

Md~nan(29) reported a series of ‘~one-cycle”tests in which a low

carbon.steel was austempered-~or tempered* to nine dirferent conditions.

Cylinderswith an initial dimension of 1,5 in. both in diameter and in length

were p-e-compressedh three stages to a single value of true straim or

-125 percent, At each stage, the compressiveload was applied until the

cylinder,leng+~hwas reduced to 2/”3of the original length, and then the

cylinderwas re-machinedto its original 1 to

This process was repeated until the len@h of

O,,K?~no (equivalentto a true strain oT -125

1 ratio of length ‘todiameter.

the cylinder was reduced to

percent). The cylinder was

then.cut to make Ynree small tensile

a’longand one specimen transverseto

Then, tension tests were carried out

specimens (with the axes of two specimens

the longitudinalaxis of the cylinder).

in a speciallydesigned test apparatus.

The instantwieousdiameter or the specimenwa~ opticallymeasured with a

microscope attached to the apparatus. Test results are shown in Fig. 5oy

where the tensile ehauge in plastic true strain at fracture,Aqtl) is plotted

against the amoLmt of @aS~jC true p~ecompressivestrain> ~c~> to Which the

members had been subject,~d(a single vaiue of -125 percent in this case).

Although only two points are shown Tor each of the nine heat treated

COnditions it may be oIJst?rv~~ fl-om Ijheze results tha,t(a) the tensile strain

at Tracture iS ap~ectedby the plastic tx7_wpre-compressivestrain in the

material and [b) the effect of pre.strain appears to vary with the heat

treatment to which the material was su-ojecieilo

—

* Austemperin~ involves the formation of bainite~ the pi-escnceof which enables
the material to possess relativelyhigh impact resistance. Ternperi,ng
produces temperedmurterwite in the material structure,and thus increases
the ductility of the steel,,
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FIG. 50. 13RIDGMAN’ S “O.NE-CYCLE” TEST DATA

Later in a study associatedwith an investigationof the initiation

of ~r~ttle fl-ac_bUre,Drucker, Mylonas, and Lianis(30) conducted “one-cycle”

tests on a rinmledship steel often referred ‘coas “E-steel”in a manner similar

to that used by Bridgman except that more steps were taken in apply~ng the

compressivede~ormationand that standard tensile specimenswere used. ln

addition, some specimenswere arti~iciallyaEed before the tension tests. The

original in~ormationon the amount of pre-compressivestraLn was presented in

terms of’longitudin~ strain (~ _ ~, where ~ ad lo are respectively the final
o

and initial lengths of the cylinderused in pre-compression). By assuming

that there is no volume change in Vne pre-compressionoperation,these longi-

tudinal strains may be converted into equivalenttrue strains (b ~). The
o
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test results so converted are $lott&d in Fig. 51 where ~1 is the true strai]l

at fracture and is equal ‘co

Qtl? the tensile change in

pre-corqycesslon strain. It

the algebraic sum of ccmrespondi~~gvalues

plastic true strain, and qcl, ~ileplastic

may be seen in Fi~. 51 that, (a) the true

a% ihacimre decreases as the amount of pre-compressive strain incl”~ases~

(b) there is no significant difference

wrtifi.ca.llyaged and unaged specimens.

in the strain at Trac%ure betwee~l

l?urthermore~ e~ceP~ fo~”the data

and

the

at

qc17 approximately -G~ percent, thethe highest valuzs of pre-Compression,

data are in good agreement with that presented in Fig. 21 for the study

reported herein and in spite of the differences in k~]es of specimens and in

the test procedures.

100
mu

o

-40
-40

●

-50- .40
0 -20 -40 -6o -60 -1oo

plagticTruo Fre-compreesLveStrati,qcl, percent

FIG. 51. !3ROWNUNIVERSITY ’’ONE-CYC~” TEST DATA
(30)
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.11. General Low Cycle Fatigue Hypothesis

A+ Assumptions

~e,,er(31)has stated that “Fracture cannot occur i,ndepenfien%lyof

deformation.” Although dei?omat~ons 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 relationshipshown in

Eq. (11),

J! Y.&t=c

H we raise both sides of the equation to (1/m)th

(11)

power, we obtain

(16)

or

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

ITgenerally has been taken as 1/4 or 1/2 in the literature. The difference

between n and IIis small at large values of 1?so for all practical purposes,

Eq. (17) may be rewritten as follows:

Furthermore, since at n = 1

*% = %

—



~q. (.17)becomes
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&t l/ra
~ (~) = 1.0 (19)

-M

The slopes of the curves in Figs. 48 and @ are approximately -1

and -1/2 respectively for test results of Evans (5) and those of CofTin(~1>13).

Sfnce Evans conducted hts tests with tensile Loadings only and Coffin conduc%ea

most of his tests under fully reversed-strain conditions,
Tt seems reasonable

to assume that this slope, -m, Is a variable that is dependent upon the relative.

strain Tatio,

to the cyclic

of the slopes

1.2’2,1.43,1.65,and 1.86 respectivelyfor r-values or -1/4, -1/2, -3/4, and -1.

When these corresponding values of l/m and x are plotted, as shown in Fig. 52,

the following relationship is obtained.

the ratio of the cyclic compressivechange in plastic “truestrain

tensile change in plastic true strain. On this basis, the inverse

of the curves in Fig. 43 have been determined and found to be

FIG.52.
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l/m= ~ - o.86r (20)

‘I’hisrelationship has been assumed to relate the slope of the fatib~e curves

to the relative-strain ratio for which they were obtained.

Several further assumptions have been made in developing a low-cycle

fatigue hypothesis. Firstly, it is assumed that low-cycle fatigue ?ractures

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 a~ @Etl or ~1, as obtained fi”om“one-cycle”test results,

are used. And, finally, it is assumed that fracture or a material is produced

by an accumulationof the plastic deformationexperiencedby the material.

This assumption is made on the basis Of the observationsof low-cycle fati~e

test data discussed earl~er.

B. Hypothesis

On the basis of the experimentalevidence and assumptionsdiscussed in

the previous section, it is postulated that plastic deformations cumulate

according to an exponential function and more specifically, that the hypothesis

may be presented in generalized form as ~ollows:

(21)

Since it has been shown
(4)

that for low-cycle fatigue conditions true strain

values are approximately proportional to the corresponding engineering strains,

a similar e“kpressionmay be written as follows in terms of true strains.

(22)
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As noted previously,

is the cyclic

is the cyclic
at n = 1,

is the number

is the number
f~acture

is a variable
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tensile change

tensile change

of

of

applications

applica’cions

in “plastic

in plastlc

engineering strain,

engineering strain

or tensile load,

of tensile load prior to

depending upon the wount
pressive s’train,-orth; relative-strain

is the cyclic tensile change in plas-~ic

is the cyclic tensile change in plaetic
n=lo

of cyclic com-
ratio,

true strain>

true strain at

both l/m and As+l (or Q%,,) are functions of r, the relative
.4A .—

strain ratio. Therefore, for constant values of the relative-stl”ain ratio, 1“,

Eqs. (21) ‘cakethe form ofEq. (19).

X2. Corxela%ions wLth Test I)aka

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

tested in reversed-load low-cycle Tatitimetests. The plastic true skrain history

for each of the~e six specimens is listed in Table 8 (also see Figs. 35 and 36).

I?Jyanalyzlng each strain-cycle with the hypothesis, the quantity

was eva~uated for these tests and found to vary from 0.94 to ~.08 as shown in

Table 8. These values.are close to the value of 1.0 required bY the h~othesis.

Data in the literature are generally reported for cyclic strain tests

conducted by cycling a specimen between a constant cyclic maximum plastic strain

(q= or emu) and a constant cyclic minimum plastic strain (~n or Emin).

In most cases, the tests were started with a tensile load t.oproduce the upper

m? maximum strain limit which was followed by fully reversed strains. Some
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TA13LE 8. ANALYSIS Ol? PLASTIC STRAINS FROM REVERSED-LOAD TESTS.

strain History Data
~(1)

-Nc>(
2
)A4t>(3)

[C-2-GN138 ~78
2 1.0041

1 ~606
2 5.; 69.8

[C-2-GN132 i79
4 0.993]

1 6.8 10.7
2 3.0 8.6

5.6 10.1
i 7.2 73.4

[C-Z-GN;3~25&4
6.

[C-2-CN;3;Z2;VI
16 .

5.8 ,(03
>.4 58
2.9 5.9
4.9 4.9
39 5.8
3.8 50
5.0 6.5
5.6 6.5
5.5 6.4
5.5 6.4
5.4 6.3
5.4 6.3
4.5 7.1
4.2 “(.7
6.8 10.1
6.6 Ly,g

[

Specimen Test Stress
Do.

ksi, s

strain History Data
i(l

&J2~ &t, (3)

[C-Z-GN124 1-9

-1
2

3
11.
5
6
7
8
9
10
11
12
13
14
15
16

::
lg
20
21
22
23
24
25
26
q’
28
29
jO
31
52

33
34.

34 1.075]

[G-2-GNl17 ~7o
48 1.069]

Cycles to n
l—

Failure
A%

1[–1]
;*

n ~=1 ‘%) i

Strain History Data Strain History Data

i(l)
-%,>(2) ~,(j’

) i(l)
-b= >‘2) %’(3)

C-2-CN117 (Cent’d)

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31.
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

4.0
4.0
33
3.2
3.7

z:i
b.2
3.8
3,4
3.3
4.2
3.7
1+.2
4.2
k.1
4.6
5.4
4.6
4.2
3.8
4.3
4.8
5.1
4.7
4.2
4.7
4.8
4.2
5.2
5.1
4.9
5.0
5.8
7.4
6.5

4.3
3.7
3,6
4.1
4.1
5.0
4.2
4<2
4.2
4.2
4.5

&
4.6
4.6
4.9
5.9
5.4
4.6
4.2
4.7
5.3
5.5

::;
5.1
5.2

;::
~::

6.3
7.6
8,7
lo.k
56.5

[G-2A-GN302 192
16 1.056]

1 4.6 5.6
2 3.1 6,0
3 5.9
4

3.9
3.9 4.9

,- 3.9 4.B
i 3.8 4.8

11..8

i
5.7

3.8 4.7
9 4.7 j“~
10 lL.6 ~o.j

11

5.5 7.>
11 2.8 ~,j 12 G.)& 6.4

., 12 3.3 3.7 Ij h.~ jbl)

~J.~ 4.>
;:;(l;;~b~;’o~applications of tensile load.

15 >.5
L6 5.2

(2)C~cll.compressive change in plastic true strain, p~rcent.
2G.O

1(~)cYCliCt~l~~~~echan~e in plastic true strain, wrce~~.

[C-2A-CN31o +87
23 1.083]

1 0
2 3-7
3 4,2

-.>.7
2 4.6

19 J:.5
20 L.1
21 3.6
22 4.8
23 5.1

[C-27J.-GN3O6
29 0.943]

3
4

9
10
11
12
13
14
15
~6
17
18
19
20
21
22
23
24
’25
26
27
28
29

4.1
2.6
3.2

3.5
3.5
3.0
3.4
3.4
3.9
3.4
3.4
3.4
3.4
3.3
3.8
3.3
3.8
3.8
3.4
4.3
3.8
3.5
3“7
2.8
3.2
4.2
4.6
3.2
4.6

5.1
3.6
3.7
4.0
3.5
3.9
3.4
3.9
3.9
3.4
3.9
3ALk
3.8
3.8

;:;
3.8
3.8
1.k,3
4.3
3.8
4.2
57
3.2
4.2
4.6
4.2
5.9
15.0
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test series were carried out with constant absolute-strain ratios, i.e.,

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

~orem=ov Since the quantity ~ is not n~CeSS~~~Y a co~st~~ in these

tests, the test results are presented in terms Or ~u VS. ~ (for PoS~~~~e ~ax)

0’ qmin

derived

between

OT Fig.

Sti”ain,

I.e., r

vs. n (for negative
%x).

Based on the general hypothesis

for various test conditions. For

presented herein,

constantR-ratios

equationshave been

the relationship

53)is assumed to

i.e., r = 0. (b)

derived as follows: (a) The I“irstcycle (see insert

consist of a stngle tensile chsmge in plast.?ctrue

‘Thesubsequent cycles of strain are fU1l-reVerSdS,

= -1. Then, for the Tirst cycle, (i = 1),

m

1

r = 0, l/m = 1.0 (from Eq. 20)

Aqtl = q

FIG. 53. CORRELATION OF HYPOTHESIS WITH VAFUOUSCONSTANT- R-
RATIO TESTS ON 2024 ALUMINUM ALLOY.
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For the subsequent cycles (i >1),

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

%=qmax-’%in

.(l.R)~

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

Pian

~
+ (n

[

& 1.86

qf 1-~)(l-R)—
%1

= 1.0 (23)

and D’AmatoQ8) tested coupon-type2!024aluminum alloy specimens

with constant R-ratios of +0.75, +0.50, O, and -1.0. The plastic true strain at

simple ‘tensilefracture, qf, for this particular type of specimenwas found to

be appxoxhna%ely3k percent. SLnce no “one-cycle”test informationis available

for this specimen,it is assumed that ~1 is a Constant and equal to qf IOT

all ratios, i.e., %1 = q, ‘ 34 percent. Then, from Eq. (22), the following

relationships may be ob-taLned:

ForFl = +0.75,

For R = +0.50,

For R = O,

For R = -1,

These equaZions are

taken Trom Ref. 18.

%aX 1.86. ~ o[1+-Q-W . (23b)

%ELX %,x 1“86
m+~’

[1
+T =~-o (23c)

%J. 86=10
[1

*+(n-l)T (23d)

plotted in Fig. 53 along with the correspondingtest data

Despite the assumption made regarding ~1, the curves

-
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well for lives up to
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of this hypothesis seem to

approximately 200 cycles.

and compared with (lerberich’s test data. These

Figs. 54 and 55.

fit the

Similar

test points ~easonably

equattons were obtained

latter comparisonsare shown in
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Conslant

Similarly, expressions may be obtained for tests conducted with

~ = * (~. + %nin)
(24)

For the fil”stcycle (i = 1),

r=o,

For the subsequent cycles (i ~ 1),

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

Au = 2(%= - ~) = ~(~ - ~min)

Substituting these conditions into (22), we obtain

%+(.+
2(%ax - qJ 1.86

[ 1
= 1.0

% ‘%1
(25)

For tests with a negative mean strain and a negative maximum ~t~ain,

the first load is in compression,such as shown in the insert of l?iE.56.

Assuming that Aqc ~A~ in the first cycle, the following equation may be

obtained from Eq. (22).

[

2(% - ~in)

1
1.86

n
‘%

= 1.0 (26)

Then, for ~ = -7.5percent,

[

-7.5 - q.n
n 19 1

1.86
= 1.0 (26a)
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Equation (26a) is plot-tedin l?ig.56 in terms of kin and n along with the

correspondingtest data from D’Amato(L). Excellent correlations are again

obtained.

,!wto(4) reported also test results on a 2024 aluminw alloy with

constantmean strains of +2T.j~, +13.5~j -I-7.5%,~,, and .7.5%. me p~LZSt~C

true st.1-ainat simple tension fracture, ~, was found

Assuming again that ~1 = ~ = 3* for all r-values,

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

to be about 38$.

the following equations

%x
[
%. - 27.? 1.86

For ~ = +27.5$, ~+(n. l)
19 1

= 1.0 (25a)

%x
[
& -7.5 1.86

For ~ = +7.5$,
m+(’’-~) 19 1

= 1.0 (25c)

For~=- 7.5$,

%x[1
1.86

‘(n-~)~ = 1.0 (25d)

[

-7.5 - q.n 1.86
n 19 1

= 1.0 (26a)

through (25d) are plotted in Fig. 57 in terms of ~ and n, alongEquations (2ja)

with the corresponding test data 17rornRef. 4. Equation (26a) is plotted in Fig. 56

111terms or ~nand n along with the corresponding test data Tromthe sane

i-eference. EXCe~~ent cOrre~atiOns are fO~d in mOSt Ca~eS.

l)ubuc(~6) tested F&3 1030 steel spectiens with a gage length of 1 in.

These tests, with e = 0, were conducted by controlling the total engineering
m

strain range. To apply the present hypothesis, &tl was asswned to be constant

.-
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and equad to the elongation at static tensile

Then j?rom13q. (25), assuming ~ and em to

fracture, 44 percent in

be approximately equal,

this case.

we obtain,

E

[1
*+ (n-l)_

1.86
= 1.0 (25~)

Equation (25e) is plotted in Fig. 58. In the Tigure, test points from Ref. 16

are glotted in terms of the cyclic maxim plastic engineeringstrain measured

at half of the specimen life.
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v. SUl@IARYOF RESULT’SAND CONCLUS1OIW

Ij. General Discussions

In ~eneral, the correlations of the present hypothesis with the test

‘18), Gerberich
(27,28)

results of Pian and D’Amato , and l)rAmato(4) show that it

may “bepossible to use ‘thishypothesis to describe the cumulative low-cycle

fati-e behavior of 2024 aluminum alloy specimens. Tn addition, the correlation
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made with Ilibuc’s
(16)

test data indicate~ that the hypothesis may be equally

applicable to tests of steel specimens conducted on the basks of englneerLng

strains,

Stnce there is no

2024 aluminum alloy and the

available in~ormation on “one-cycle’~tests of the

w 1030 steel, i% was necessa~”yto make the

assumption that A~1= qf 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 is an excellent possibility of this hypothesis

describir~~ the general Ixend of low-cycle fatigue behavior of various metals

un&r various testing conditions.

In addition to the development of the gefierallow-cycle fatigue

h~ypothe~is, ~imited studies have beel~made on such faC’COIT as tjpe or test,

mode of failure, material, and propert’yvariations cluing the tests. These

items will be briefly discussed in the followin~ paragraphs.

It was considered desirable in this investigation to test all spectiens

under axial-loadings. Tests conducted in this manner are the simplest snfl

provide the most direct way of obtaining the low-cycle fatigue resistance or

the material. Since axial-load low-cycle fatibme tests may be carried out by

controlling either the load limits or the deformation limits, both cyclic “load’t

and cyclic “deformation” tests were conducted. ln addition> a ll~ber of—....,.-.I

one-cycle tests were carried out to establish the fatigue behavior at the lowest

possibl~ nuniberof cycles for both the load and deformation types of tests. The

Latter type of testis especially worthy because it is relatively simple tO

perform and the results may be used in the proposed hypothesis to predict the

low-cycle fatigue behavior of specimens of the same material and .geome@y.

ln long-life fatigue tests, the fracture of a notched specimen usually

‘exhibitslittle deformation. However, the f~actures resulting from low-cycle

fatigue loadings may show deformationswhich range from that of a long-li~e



fatigue l’ailureto that of a

Tactors as the type of test,

the geometry of the specimen,
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static tension failure, dependingupon such

the msgnitude OT the applied stresses,the material,

the test temperature, the cycM.c rate, e-cc.

The effect of strain aging was conside~ed in both one-cycle tests

and reversed-load fatigue tests. In both types of testsj there was little or

no difference in the low-cycle fatigue behavior of aged and unaged specimens of

A13S-Cnormalized steel.

The three materials used in

with different mechanical-properties.

this program were all mild steels, but

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

materials.

The variations in hue stresses and strains that occur In both the

cyclic load and the cyclic deformation tests have been studied by measuri~~g

successively the variations in slxain 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 true stresses in each cycle increase with the number of load

applications. However,

relatlve strain ratio.

14. summary of Results

the amount of increase appeam t~ be a fiction of the

The results of this study,

tests, appear to be quite consistent

A. One-Cycle Tests

although based on a very limited number of

and may be briefly swmmarized as follows:

For the two types of specimen and three steels studied in this investi-

gation, it has ken round that ~1, the total tensile change in plastic true

strain at n = 1, decreased somewhat as q , the pla?tic t?meipre-compressive
c1
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strain was increased and also as the stress concentration of the notched

specimen was increased. EIowever,the magnitude of the decrease differed for

the three steels studied, This is clearly shown in Fig. 22, It was Tounrlalso

that greater ultimate strengths,

for specimens subjected to large

$n terms of engineering stress, were obtained

pre-compressionsas shown in Fig. P3.

B. Cyclic Load Tests

The low-cycle portion of the s-n curve resulting from zero-to-tension

fatigue tests is rather flat. This sugges’csthat the maximum engineering stress

may not be a good discriminator of low-cycle Ta’ciguelife or behavior. As

shown in Figs. 27 through 291 the strain at the first maximum load is a more

sensitive parameter than the maximwm engineering stress for the evaluation of

fatigue data with lives of less than 100 cycles.

From limited test in~ormation, it is found that -t,hetime at the

maximum load in each cycle has a marked e~~ect on the low-cycle fatigue life

in zero-to-tension fatigue tests.

in reversed-load tests, specimens polished in the longitudinal

direction were found to “bestron~er in ~atigue strength than those polished

i.n-thetransverse direction. It was found also that the specimen with a higher

stress concentration begins wikh a higher strength at n = 1, and then at longer

lives gradually becomes less strong

and 34.)

c. Cyclic Deformation Tests

~~T~ the plain specimens. (See Figs. 33

lor constant relative-strain ratios,

slopes were found to exist on 10g &t vs. log

are analyzed on ‘thebasis of normalized cyclic

r, linear relationships of various

n diagrams. When these test data

tensile change i,nplastic strain

and n, there does not seem to be any material e~~ect on the slope of the

relationships. A linear relationship was found to exist between ihe inverse

of the slope, l/m, and the relative-strain ratio, r.



In addition,

tesks were analyzed on

herein. With th; data
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plastic strain-histories obtained from six cyclic load

ihe basis of the low-cycle fatigue hypothesis presented

from these tests ii was found that the conditton

speci?ied by the low-cycle hypothesis was satisfied. Correlations with other

published test data indicate that i+ may be possible also to apply ‘the

hj-pothesisto cyclic strain tests to metals other than mild steel.

15. Conclusions

On the basis of the

that, under low-cycle fatigue

in~ormation

conditions,

presented herein it may be concluded

(1) The tensile change in plastic true strain, A~l, Varies With

the amount of plastic true pre-compressive strain, qcl; the pattern of this

variation is dependent on the material and the geometry of the member.

(2) A linear relationship exists

constant value of relative-strain ratio.

(5) A linear relationship exists

between log ~ and log n for a

also between the quantities l/m

and r, and, for mild steel, may be expressed as follows:

1
=1- o.86r (20)

E

From the above cond~tions a general hypothesis describing the

cumulative effect of plastic deformations on the low-cycle fa’ciguebehavior

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

(22)y[(%J’m]=loo
i=l i

iThu@,under low-cycle fati~e conditionsanY tensile change iIIplastic strain

is cumulativeand the manner In which this accumulationtakes place is

dependentupon the amcm.ntof compress~veplastic strain in each cycle.

With this hypothesisa “one-cycle”test may be used to describe,. —
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on the basis of the relative-strain ratio, the basfc 10W-cyCle Ta’Ki=@ebehavior

of mild steel for lives up to approximately ,IJOOOcycles. A limited number

of correlations were obta~ned for otitier materials and indicate that the

hypotlms~s may express also the low-cycIE fatigue behavior of other metallic

alloys. However, additional confimnations or this correlation would be

desirable.
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Notations

Ac

Af

A.

Ar

c

dc

‘f

do

d
r

i

Cross-sectional area at -thetest section of the specimen after
pre-cornpression, sq. in.

Cross-sectionalarea at the test section of the specimen at fracture,
sq. in.

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

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

A constant

Diameter at the test section of the specimen after pre-cornpression,in.

Diameter at the test section of the specimen at fracture, in.

original diameter at the test section of the specimen, in.

Dismeter at the test section OT the specimen, in., re-machined
after pre-compression

Number or applicationsof tensile load

Number of applicationsor tensile load prior to fracture

Immbel” of cycles

Number of cycles to crack initiat~on

Number of cycles to fracture

Plastic true strain, percent



%

qf

%

!m.aX

qmin

%

RS

s

s
c

smax

smin

sn

4C

4t

%
&c

L&t

‘tl

‘f

c
m

o
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Plastlc true p-e-compressive strain, percent

Flastic true strain at fracture in simple tension, percent

Mean cyclic plastic true strain, pe~cent

Cyclic maximum plastic true strain, percent

Cyclic minimum plastic true strain} percent

Plastic tensile true strain at fracture, percent

Relative-strainratio; cyclic compressivechange in plastic tme
strain to cyclic tensile change in plastic true strain,4C/~

Absolute-strain ratio, cyclic minimum plastic *m-e strain to cyclic
maxtium plastic true strain,

%nin/%nax

Stress ratio, cyclic minimti engineeringstress ‘cocyclic maximum
engineeringstress, s~in/sm=

Engineering stress, ksi

I?mgineering stress at the maximwm compressive load, ksi

Maximum engineeringstress, ksi

Maximumerigineering stress, ksi

Ultimate strength,ksi

Cyclic compressivechange in plastic true strain, percent

Cyclfc tensile change in plastic true strain, percent

Total tensile change in plastic true strain at n=l, percent

Cyclic compressivechange in plastic engineeringstrain, percent

Cyclic tensile change Ln plastic engineering strain, percent

Total tensile change in plastic engineering strain at n=l, percent

Plastic engineeringstrain at fracture,percent

Mean p,lastlc engineeringstrain,percent

True stress, k~i

True stress at the maximum compressiveload, ksi

True stress at fracture, ksi
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