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ABSTRACT

After an analysis of experimental data on number of steels,
dluminium and titanium alloys cyclic 1nelastic deformation
lnvestigation 1in transient and Pprorer high-cycle fatigue
reglon models to evaluate Kinetics of cyclic residual strain
during constant and programmable varied load tests were built
up. To calculate fatlgue crack initiation 1ife new enersgy
criterion 1s used. This criterion determines fatigue fallure
relative energy as a function of total dissipated energy
depending on cyclic residual strain and Pprovides constant
value of relative energy under regular or 1irregular loading
with present or absent mean stress.
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INTRODUCTION

Investigation of damage accumulation before crack
inltiation 1s an 1mportant step 1n analysis of fatigue
fallure. There are different methods of fatigue damage
summation based on phenomenological approach to the Process
of fatigue. In those methods both criterion of failure and
damage accumulation law are defined by their authors’
hypotheses and assumptions. Because term "fatigue damage" 13
rather indefinite 1t 13 difficult to realize direct
experimental verification of those hypotheses. Advance in
summation method has to be achieved 1in the field of criterion
that 1s pProved experimentally and has phisically clear
substantiation. Failure of structural members practically
always begins at the notch root or stress concentration
zones. Today there are two Kinds of approach to calculate
fatigue 1ife of such members - using nominal Stress or local

163



User
Rettangolo


strain. Past ;g more universaj but it requires SOPhlsticated
lnvestigation of materia] Cyclic deformation under constant
and variabje amPl 1 tude loadins. To develop fatigue 11fe
Prediction method 1t ;g neccessary to éstablish fatigue
failure Criterion, mechanism of damage accumulation ang
Parameter that determines material fatigye life wunder
uniform ang non-uniform Stress state. Energy aPProach may bpe
Prefered because ;t rermits Phisically Clear summatjon of
dissipateq energy under constant angd variable amp1litude
loadinag,.

EXPERIMENTAL RESULTS AND THEORETICAL
ANALYSIS

ExXperimentaj investigationg were made with means of
installationg created on the basis of general purpoge
electromechanlcal test mashing. Cyclic hysteresis loop method
wWas realized. Resolution of 3strain Mmeasurement wag about
5x%10-¢ mm/mm. To measure strain at the notch root and
Smooth specimensg éxtensometers Wlth gage length 2 mm and 15

18 strain attalned to moment when eéxternal load ig equal to
1ts mean value, for Symmetrica] nominal cycle this 13 3
moment when €xternal load ig équal to zero, Specimens were
made of materials having contrasting Cyclic deformation
Prorerties. They were D16AT (Stiff Al-Cu-Mg alloy), AMZM
(30ft welded Al-Mn alloy) and 30HGSA (Cr-Mn-si alloy Steel),
Specimens of Steels 45, 40H, 12HN3A ang other were also
tested. Ag a? result of numerous €xXperimental 1nvestigationgs
1t was suggegs ed to define eéquation of Kinetic cyclic diagram
(In plots RSA Vs cycle ratio) in the form:

*
é'a/'fé'w'//é‘&.@?, ) (1)
*
where 6@r any &Eap current and average vajue of RSA;
X:n/N -cycle ratio that 1s equal 1o current number of

¢¥cle divided on nhumber of cycleg to fallure ( or sSpPecimen
fatigue 1ife); f(60,6,, x) - material softening (hardening)
function. For C¥Clically stabje Metals this function 18 equal

Average value of Rsa ¢an be computeq with numerical
integration of €XpPerimental Kinetic cyclic diagram, Softening
(hardening) function hag to correspond to the following
condition /

used. It 18 3 dependence between average value of RSA and
Stress ampl 1 tude. It was sShown éxperimentally that thig
dependence may be Presented as straight or broken straight
line jn double ]og Plots for both symmetrical and
dsymmetrica] Cycle. Then
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Ear =(Ga /xm) -
for most tested metals

Koy <K ) 7=(Cr /52) ] "

3 f 3symmetrical
- Pal CSSC parameters o
wnefg . :Pd " cozgi?gient; G¢ - materlal wultimate tensile
cYC H -
stress.

tate evaluation with the
C the problem of stress s 5 Lake
Loncﬁgging by - reversal technique 1t 13 necessar:e that s
mts account a real cyclic stress-strain Cura]ygls o3
é?ggeresis loop naturally. After numerical an.

that equation of real
experimental real CSSC it was ShOYYnear aFd EXbenant il

C ted as sum of.
i canTﬁfSreggﬁgs?on 13 to be wrg%en 1n pPlots gfngnloadlnz
;Egm:hose are set 1n stress and straln reversal p

E=8/E+2bcp (S/262 ) 5
correlation between RSA and Plastic strain amplitude 1s
Cop =Car (7+2¢) (6)
el ) ///2’./— //be evaluated with hysteresis loop relative
Eggrggrtl;rs F??{OWIHC equation 13 suiltable

2/, T
poe héar/éat (7)
If experimental data are

varlety range of h was from 7 t?lél
absent 1t 138 allowed to use h :-10.

oading
Model to calculate RSA Kinetics under programmable 1

this model correlation
. In accordance with -
zgfwggxeégfggs of RSA when stress amplitude changes from ac

toBa/es 13
1ve P
cf2;¢+/==(2xu¥4/ﬁ§%/ Sare 8)
C after
wheredarsi»/ - 1nitial RSA on@,,,; ¢ - parameter of CSS
overloading

tained
If RSA after transfer does not exceed max1muma;gigiug; thed
ular loading with same actual stress Eog Gheoen
e RSA occurs. In alternate case RSA does e
ana remaing al toéari+1 . After transition from one e oo
i e equanother softening (hardening) prpc?ss ocorres—
ggpiltusger;o cycle ratio changes from2k¢+4 tORegini®ly,,
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ponding toderi«s Equival
: ent cycle ratio needed t
f‘ﬁ,;€,1under regular loading can be found as value o? fagnieve
S 1nverse of 3oftening (hardening) one ction

JZ’e;/«/ = ¢/C,C‘a:'¢"~/, @éj»/’ §m¢’+//

(9)
then

F 1
Sarier =Eariss / / 6&'4/, 6:17/4/, :2"?&/ * ;,,} (10)

Very

plock "loading ‘13" 5o110binm ke ol LC, SO 0N under

nas . overloading on

Cor;?ggogéfg:s 3mp11tude value of RSA on other steps :;ggegg

St i alue attained under regular loading with same

fallureamp tude and cycle ratio. If number of blocks t
18 rather big then 1t can pe dassumed wlthoug

considerable error that
0% BIGCK Eniy RSA Kinetics occurs on overload step

Total energy dissipated
1n elemental
ussually evaluated as square of hYStePeSISm?ggglal volume 1s

/
We ==/C}62iéﬂz~‘ (11)

where Ax - hysteresis |
OOP share coefficient.
With regard-for equation of real Ccssc A’f can be computed

as follow
Kz = 4ﬁ—ﬂ/¢+/////+g/

X?;gegygfe‘gitlgzgr:gs3lg gather narrow range from 2 67 for
5 or ;
calculations mean value A?‘ =1§w ;;glgef:;é:¥§& 8 Fractical

(12)

g‘lle{:r‘:logm;:mgn of fatigue fallure g suggested. Thig
on  safe ased on separation of tota] dissipated
and dangerous concerning e

ACCOrding to thls criterio ¢
n differential
dangerous eneregy aCCumulathn 18 of the fg?:atlon of Pelatlve

AW oz =N (W< (13)

or

S W/l = MRy W'
(14)

where A7 and o =~ ©duation parameters; W - rejative danger-

ous energy, 0 < W« 1; W/%- tota
limit under symmetrical cycle. o oY diSsiPated on fatigue

Eg. 13 13 Suitable for metal
S having Phisical fat
gggs}ge;ﬁglf4 difference between results of gaigﬁfatiézlé'
. takes place only for 3stregss “level cloge tg
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fatigue limit. Dependence of Rp7 on mean stress 1s found

By =R (1 +rCrr /B2 1a5n
where R - value of parameter R,» under symmetrical cycle;
r - material constant.
values of parameters o« . R and r may be evaluated from
plot log We - log N , where w¢& : KyOCalar

Energy criterion and model of material cyclic deformation
allow to construct method to calculate fatigue 11ife under
irregular loading. Because there are different softening and
hardening functions and different Kinetic diagrams for
different metals 1t 1s 1mpossible to establish some unique
formula of fatigue 1ife evaluation. However, dependences
suiltable for every speclfic condition and material may be
obtalned proceeding from common correlation. Differential
equation of relative dangerous energy accumulation 1s

presented as
AW /A2 = NG ) (16)

where function G(X’ derends on amplitude and mean stress
according to Egs. 14 and 15.

Fatigue curve equation may be presented as

7/
/27457:154933 =7 U7

and condltion of fallure under Programmable loading of
unstable materials as

Y
éé}AA We=7 (18)

where _/ - number of load steps to failure:; dW. - relative
energy 1ncrement at i-th load step.

[f RSA Kinetics taKes place only at highest block step under
block loading then fallure condition has form

./(Pg&(/./{«?fmmjﬂ/}'o//=/ (19)

where_/, - number of load blocKs to failure; /7% - cycle ratlio
of highest step 1n block.

If moderate conservative estimation of calculated fatigue
l1fe 1s acceptable then average RSA value may be used

a
= g, (e | g,
/@é =/&émau?/25 (é%k /Zghmﬂar o VQ (20)
where V. - cycle ratio of 1-th block step; Nmee fatlgue l1ife
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In the casge of block loadi amp

N8 With continued stress
glstglbutlon and probability density ¢(dzjequation to calééfggg
umber of blocks to crack inittation may be Presented as

GlUZ oz )Y B2 )oBo ol -7

o Byil) 21)

wheredman - max)mum stress ]
: amplitude taken into fatigy
dccount: /2 - pumper of cycles 1n load blocx:ékdj-guréégs

value of fatigue |
condition dWsan co, '™t that may be found  from Eq 14 ooy

;?%glgéaxalge of f%}lﬂue Iimit under asymmetrical loadine
dlSSlpateds ress ay corresponds to equality of tota] eneregy
under symmetrical and asymmetrical load cycles

O =Ko /)77 65, (22)
TaKing 1nto account Egq. 4 for steeils 1t may be obtained
O~ 7~ (B (6 JH ] i

Two probleggmghould be separated to Calculate fatigue 11fe of

ot e ers. First 18 connected with accurate

de lnvestlgg?eo;a;gggi stggss—straln state. Second Problem is
er at fatigue 11fe under -

stress state condition depe eyl
nds on. A whole compl

exXperimental €XPloration of locaj Yoot o

strain at notch
different metals wag fulf all gacs
llled with meang f
length extensometers. Exper ompares . obe
. rimental data were co
number of dPProximate methods It VBAL in paio
" was recognized what in

cases the best compliance of ¢ fiat
alculated and experi

results may be énsured using Neuber- rklpo:

€r’s rule with co
function of Makhutov (ge OO
e Ref. (4)). To solve secon
§géégu? l1ves of smooth and notched specimens as fungtfggblg?'
e Cer:;félysgggsg—fgrﬁln State parameters were compared. It
at fatigue curves of smooth ang me..
SPecimens cover each other only 1 bigue oo
N Plots RSA vs fatigue 1
or dissipated energy wr vs f ; !
2 atigue life
call residual éneregy 1s define ag follow Sene Wik thay we

Wé:’/ﬁ?fikéﬁar- (23)

where Og - jo¢ amp ;
notch root. & StrEss litude; Sor - local RsA at the

Both Plots are €qual 1
' accuracy but residual ener
gfefered because 1t made possible to do simple summatlgz wgz
Ss1ipated éneregy under irregular loadinag. ’

Equation to calcujate local RSA takes form
Sar 2ot En

(24)
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where éa% - local total strain amplitude; €~ - strain in plots
of unloading at notch root that may be evaluated using

equation of real CSSC.

o take into account stress and strain sgradients well-known
hypothesis was applied. It assumes that notched member
fatigue l1ife to crack initiation 18 determined by stress
Parameters on some distance d from notch tip. Fomichev (1989)
suggested functions to calculate stress and strain gradients.
They are based on Supposlition of validity of Neuber-‘s rule 1in
vicinity of maximum 3stress concentration point. In same
manner function to calculate residual energy sgradlent 1is
derived. Because size d 18 rather small average value of
dissirated energy on distance d from notch tiP 1s equal to

Woer = W2 ~Gwe/ (25)

After an analysis of exXtensive experimental and calculated
data 1t was establlsh what mean value of d 18 close to 0.1 mm
for aluminium and titanium alloys and 0.05 mm for dteels.

*
wr{ may be evaluated with reasonable accuracy 1f to calculate
local stress and strain Neuber’s rule and elastic stress con-
centration factor on distance d from notch tip are used.
Fomichev (1991) carried out evaluation of local stress-strain
state Kinetics at notch root. It was noted that auxiliary
function ought to be obtalned using modelling of dissipated
energy Kinetics at notch root on overload block step. This

function 1s to comply with condition

\V%;wzr ==u”;;uue74V(@i;azmz;¢2&noa=/)

Also 1t 13 neccessary to determine dependence between
dissipated energy on i-th load block step and whm;nd re-
present function G(X%&Gw as right part of E4s. 14 or 15. If
dissipated energy Kkinetics on overload step 13 not
considerable then according to E4s. 14 and 15 correlations to
calculate fatigue l1ife to crack initiation at notch root take

form
2
iy 2; Rt (Wit~ Wt zg, =7 (26)

or 72
A £ R Was20: =7

(27)

Parameter Rsm/ 1n E4s. 26 and 27 should be calculated taKing
1nto account local mean stress.

So to calculate notched member fatigue l1fe 1t 13 enough to
have matérial cyclic stress-strain and fatigue Prorperties
obtained from smooth specimens tests.
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