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Abstract In this paper, experimental data of constant anniditfatigue tests of notched specimens of two kucti
steels obtained by Simbirger and by Atzori et a& t@ken as the basis for an evaluation by fivégdiat
assessment criteria. These hypotheses were DangBtpiivalent Effective Shear, two Energy Criteriada
Gough-Pollard. The multiaxial loading state wasieadd by the combination of axial or bending anditm in
in-phase and out-of-phase cases with constant kice$s ratiosr,, / o, = 0.58 and 0.53, respectively. The
reason that data of notched specimens were evdlim@iven by the fact that components always tsress
concentrations and that their behaviour can be beséssed by notched members. Using selected efatigu
assessment criteria Woehler curves were calculatddcompared with those obtained experimentallgmiFthe
results obtained, it was concluded that the besilt® were obtained by the integral hypothesis aditalent
Effective Shear, which is based on plane orientegisstresses.

1 INTRODUCTION

The driving force for various international resdmectivities in the field of multiaxial fatigue Bein the
fact that the conventional hypotheses, like thoasetd on the change of strain energy of distortionrothe
maximum value of shear stresses, which were fotedilfor static loading, give non-acceptable restitsng
evaluation of fatigue strength when the directibprincipal stresses changes, especially for duatihiterials. In
the meantime, agreement has been reached thahef@olution of the problem, local concepts basedtoess,
strain or energy parameters must be used, sincédaifare, local loading quantities are responsilites well
known that these concepts can be flexibly extendembnsider, for example, the influence of strasslignts or
surface roughness. Here, three kinds of modelsbeaastablished: principal stresses referred modgts;al
plane referred models and integral models whichpraceed from the critical plane concept. The sigleof
the model for fatigue life assessment depends cpdatly on the type of material and especially o® i
ductility [1].

The aim of this paper is to compare five selectetl-lknown multiaxial fatigue life criteria, whichalve
different theoretical backgrounds. The quality afigue life assessment will be established by coispa of
computed Woehler curves with experimental dataiobtafor two ductile steels with notched specimertse
reason that data for notched specimens were eedlistgiven by the fact that components always Isness
concentrations and that their behaviour can be bssessed by notched members. Data obtained with
multiaxially loaded unnotched specimens of dudiiieels render incorrect results, if deformationditions in
the notch due to stress gradients are not consid2te

2 EXPERIMENTAL DATA

For the purpose of verification, experimental dathich can be found in the literature, were usedilgV
searching for suitable data, special attention pag to the kind of experimental tests and themplexity. The
following assumptions have been made concernin@tperimental data in order to perform the comparisf
selected multiaxial fatigue criteria for ductile teidals correctly:

*  The experimental data should be obtained undertaonhamplitude cyclic loading on smooth and
notched specimens,

« the multiaxial stress state is realised by commnatf axial (or bending) loading with torsion,

« the loading components are equal in frequency withod with phase shifg(= 0° and¢g = 90¢),

* experimental Woehler curves are presented usirgj &iesses.

Based on these reasons, two sets of experimerstaltsavere selected, which have been presented by
Simburger in [3] and by Atzori et al. in [4]. Ddiiof the particular tests are described in thdo¥ahg
subsections.
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2.1 Data presented by Simburger

The fatigue data obtained by Simbirger [3] are \etiwn and often used for verification of multiaxia
fatigue assessment criteria [5, 6, 7]. The tegtirmgram comprised plain and notched specimens wiaG& 45
steel (SAE 1045). The tests were load controlledoAstant amplitude loading was used with equajueacy
of stress tensor components to perform severad t@gh various mean values and phase shifts. Thaltse
obtained were presented as Woehler curves usingvalf local stress amplitudes

Oa = Ktaa,nom : @)

The criterion for fatigue failure was the cracktimtion defined as crack depth of 0.25 mm. Craghtlde
was monitored and detected during the tests byuttrasonic method. Uniaxial tests for determiningyo
material data were performed on unnotched plain lawitbw specimens. Tests under bending, torsion and
combined loading were performed on notched spedmmgth 5 mm notch radius, having the theoreticedsst
concentration factdy = 1.24 under torsion aril, = 1.49 under bending.

2.2 Data presented by Atzori et al.

In [4], Atzori et al. presented fatigue strengthiadaf V-notched specimens with notch radius equdl.5
mm made of the ductile C40 steel (SAE 1040) inrthimalised state, subjected to combined tensiort@sn
loading. The theoretical stress concentration faftio notched specimens were equakig= 3.68 under axial
loading, andKy = 1.95 under torsion. Experimental data are pteseas Woehler curves first using nominal
stresses, whefd, means number of cycle to total rupture of the gpen. The fatigue life to crack initiatidX,
was unfortunately not determined.

3 MULTIAXIAL FATIGUE ASSESSMENT CRITERIA
3.1 Dang Van criterion

In this criterion, a volume of material is investigd under the influence of a given stress statnwat
timet. However, in the evaluation of the criterion, thieroscopic scale of the order of grain size igduséhich
is a subdivision of the macroscopic scale usualysaered by engineers. In this scale, local gigtmay take
place within some favourably oriented grains withmfluence on the macroscopic deformation, whiah be
still elastic. According to Dang Van et al. [8, #je crack initiation will happen in critically @mted grains of
material volume, which have undergone plastic s$af, for at least one cycle

fov (Uij (t))20 2

is obtained, where thigy function is some appropriate function of the lostkss state. A simple form of the
criterion has been proposed

fov (o (1)) = 7(t) £ apy Py (®) F bpy 3)

as a linear relationship between two parameters. fifht one is the shear stress determined acaptdirthe
Tresca criterion

1
) =rr (0 =2{01-03). @)
The second one is the hydrostatic tension
1
ph=§(01+02+03), (5)

which is an important parameter with regard to krapening. Two material constargsy and bpy, can be
evaluated using experimentally obtained fatiguerattaristic under simple loading conditions. Assugnihat
the fatigue effort function (3) for a given numhbsr cyclesN; =N reaches the critical value zero, the linear
equation of the form

boy =7 = apy Ph (6)

is obtained, which represents the so called DanygIvi@. Two characteristic poin®, andP, can be found on
the Dang Van line considering the case of combimedl loading or bending with torsion. The firsteois

located on the shear stress axis and its valuguald@o the fatigue strength for torsion at a giveimber of
cycles
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P(p,=07=7,) for N;=N. @)
The second one must be obtained from the Woehleedor axial loading
Pz(pthh(UaN),T=TT(UaN)) for N; =N. (8)

Normally, the Dang Van criterion is applied usingataerial data obtained with uniaxially loaded
unnotched specimens. However, as these data doontdin the influence of stress gradients, in stigly the
criterion was applied also with data determinechwihiaxially loaded notched specimens. The cootdiaf
the pointP, can be determined as follows:

Oan

I1(Ow) = S )
o 12150
Ph(Oan) =5+ (Ka=1.0); Ph(Tan) ===, (Kp = 1.49) (10)
and the two material parametess andbp,y,
bDV = TaN y (11)
3(‘7aN ‘ZTaN) 3(‘7aN ‘ZTN)
ap, = —>——&4 =1.0); agy = —2> a7 = 1.49). 12
DV 201, (Ka ) P TRITEN (K ) (12)

3.2 Effective Equivalent Stress Hypothesis (EESH)

The EESH [10] assumes that the failure of ductile materialgeumultiaxial stress state is initiated by an
equivalent stress calculated according to the modified voasuiisterion in following form

— — 2 2 2
Tea(By =0°) =02 + 02, — 0,00, + f6 312, (13)
with
o2 +0% -0,0
fo= Ueq (pureaxialor bendingload) _ xa ya xa™ ya (14)
G - - .
O eq (puretorsion) \/gfxya

The fg parameter considers, for the shear stress compémeguation (13), the size effect due to the
different stress gradients resulting from bendingd #orsion. Generally, when the slopes for fatigueves for
bending end torsion are different, the paramietepends on the number of cychds Then the coefficienf
can be calculated for every number of cydles N or for a single value of selected number of cybles Ny.

The interaction of shear stresses in various ieterfce planeg, in particular in the case of time-variable
principal stress directions, which initiates cop@sding dislocations, is taken into account by eiging an
effective shear stress

Lain = [maofry ¢.9)| d (15)
0

The effective shear stress is then used for det@tion of the effective equivalent stress

T
o - =Q° arith GZ 16
n = Taa (9 = 0)— 0o (16)
with
2

+ + -
G:ﬂ or G:ﬂ, z:l_(d 900) ) 17)

+ Ky 1+Ky 90°

The root in equation (16) considers the influentthe material volume affected by the rotating pial
stress axes on the magnitude of the effective adpnv strain in the case of a phase displacemédmt.ratioG
can be computed with corresponding stress condemtifactors.
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3.3 Energy based criterion proposed by Lagoda et al.

Lagoda et al. [11] formulated a criterion, whichaigieneralization of some energy criteria of mxiéh
fatigue effort [15], where the normal strain eneYgyt) and the shear strain eneidi(t) densities in the critical
plane are used to establish a parameter whichsonsible for fatigue damage. Detailed assumptainhe
proposed criterion can be found in [11]. The caitiplane position was determined by the maximunaiskiain
energy density, what lead to:

max{b, Wis (0} + 8 Wi (1) = fL(N). (18)
From (18) the following equation for the equivalpatrameter of strain energy density is derived:

Weg (1) = maxby Wes (0] + 2, W (). (19)
Taking into account the stress and strain statesptioe torsion and axial loading or bending under

constant amplitudes and in the high cycle fatigggime, the relationship between the coefficientandb, can
be derived as [11]:

4_UaN
r2 o?
a, = AN and b = —3 | (20)
LT 1oy b2, )

Assuming that calculations will be performed in thigh cycle fatigue regime under constant amplitude
loading for bending and torsion, it is possible#tculate the amplitude of the equivalent stressctly from the
energy parameter

o 2E . (21)

aeq = aeq

3.4 Energy based criterion proposed by Socie

Socie [13] proposed the use of the uniaxial Smitatan-Topper parameter [14] in the critical plane,
defined as the plane with maximum range of norrmalrss. Usually, to calculate the expected numibeyoles,
the energy-life characteristic is used

g's

Onmax€an = Fa(N¢)Eq(Ng) =0 (2Nf)b ?(ZNf)b +e' 2N, (22)

obtained after modifications to the strain-life wir However, in this work for the calculation ofthVoehler
curve the equivalent stress amplitude must be hated:

Jaeq = Ean,maxgan ) (23)

Comparing equations (21) and (23), it can be notedt they are similar in form, but it should be
remembered that the values included in the menfi@ogations were determined in different planesoAif the
experimentally obtained Woehler curves for bending torsion show different slopes, the constantsna b
become dependent on the level of the loadingnumber of cycles\.

3.5 Gough-Pollard ellipse

Gough and Pollard proposed a non-linear multiafadibue criterion [16]. From investigations of in-
phase combined bending and torsion on steel attoys suggested a multiaxial fatigue strength datebased

on the applied stresses
agp bep
e |t ) s, -

Ja, pure,N Ta, pure,N

By changing the values of parametexs and bgp different forms of the criterion can be obtained.
However the best known is that according to GouglaRl agp = bep = 2 andDy, = 1, called also the Gough-
Pollard hyperbola. Fatigue life assessment invobaaputing of the left side of the inequality (2H)d if they
are less the®y, then, for the given number of cycles, failure @ expected. For a notch the applied stresses can
be calculated, particularly from the von Mises agiiin, using only some selected components of tless
tensor
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T

\/ 2 2 2
o, t0,, —0.,0
ax ay ax™ ay
+[ &y J <Dy . (25)
2 2 _ T
\/Jax,N,pure + Jay,N,pure Jax,N,pureJay,N,pure axy,N, pure

To take into account the variation of principakss direction (out-of-phase multiaxial loadingk tralue
of parameteDy can be suitably changed. According to the recondaigon [17], where the Gough-Pollard
proposal for fatigue life determination of weldexhis was used, the value Bf; must be lowered from 1.0 to
0.5. The presented method is not invariant, whigtams that any changes of the position of coordiggdéem
XYZ influences the fatigue assessment. A big disatkge of this method is that, during the calcoitgtthe X
axis must be parallel to the vector of torsion.

4 FATIGUE LIFE ASSESSMENT UNDER MULTIAXIAL STRESS STATES

In order to compare the selected multiaxial fatiggeessment criteria, calculated Woehler curves wer
outlined and compared with experimental ones. k@& purpose, five algorithms for computing the sdre
amplitude according to the theoretical backgrounfishosen criteria were worked out. Equivalent ssre
amplitudes for four different numbers of cycle§l®, 110°, 410°, and 410° were determined. All parameters
included in the considered criteria were computecbeding to the material data for a given numbecyafles
from pure axial loading or bending and pure torsiBar notched specimens the multiaxial stress state
established according to the Neuber theory.

In the Dang Van method the parametays andbpy, were computed twice — using the experimental data
from unnotched and notched specimens accordingjuat®mns (11) and (12). The fatigue life assessmétfit
the equivalent effective shear hypothesis was dwmireg fatigue data obtained only from notched speos
according to equation (16). Because of the diffeesrbetween stress gradients under bending arndriofar
calculation purposes, the slope of the torsion Waeturve can be taken from the bending Woehlevecuin
this case the knee point of the SN-curve was assiati, = 410° cycles and the slopes weke= k, =7.7 for
Simburger data ark] = k, =4.6 for Atzori et al. data.

For the criterion proposed by Socie, the criticianp position determined by maximum normal strain
must be known. This was identified by searchingaahilable positions for maximum value of normahst
during one loading cycle. The critical plane pasitin the criterion proposed by Lagoda is describgdhe
vectorn normal to the plane and the vecgpwhich lies in the plane. For fixing the positiohthe two vectors,
the maximum of stress in the direction of the vestmust be found by searching all possible positiointhe
vectors. An analytical formula for equivalent stremmplitude can-not be derived using the propasitid
Gough-Pollard and the value was determined usingpéimization procedure by changing the inequaign in
(25) to equality.

5 DISCUSSION AND EVALUATION OF THE RESULTS

The main conclusions of the present work can bensanised as follow:

» From the calculation results it can be concluded the Effective Equivalent Stress Hypothesis giee
best results, Figs. 1 and 2. The calculated Woehleres obtained are located on the safe sidetog¢hose
obtained experimentally for all of the examinedesas

» On analysing the results obtained by the Dang V#erion, Figs. 3 and 4, a tendency to overestiomatif
the fatigue life by out-of-phase loading and undéneation by in-phase loading can be noted. Alsttel
results were obtained according to the Dang Van dienerated from data of notched specimens. This wa
expected, because these material data includefthence of stress gradients on the fatigue belavio

» With energy based methods offered by tagoda an&duie, acceptable results were not obtained. This
was probably due to the fact that, for the caldoifes, local stress amplitudes were used witholgtiela
plastic analysis. These methods are recommenddak tosed together with strain-life curves, which
describe the material properties better at sigmificplastic strains. With the Gough-Pollard craari
conservative Woehler curves were determined. Is ¢hse, a higher value of tBbg, parameter than 0.5
could be taken for evaluation of the fatigue lifieout-of-phase loading.

» It can be noted that the received results for tké5Csteel are much better than for the C40 stemivéver
the same tendencies for fatigue life assessmetticbgonsidered methods can be observed. This may be
result of the different failure criteria, cracktiation for Ck45 and total rupture for C40.

« The EESH method can be specified as the most lelamong the tested hypotheses. The Dang Van,
Lagoda and Socie propositions are independenteoptisition of the coordinates system where only the
stress tensor for fatigue life calculation is regdi Therefore, the criteria proposed by Dang \fah $ocie
are often used in connection with FEM analysis. Eesv, as they overestimate the fatigue life of ibkict
steels, they are not reliable.
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Figure 1: Evaluation of multiaxial stress statethwie Dang Van hypothesis for notched specimens

under combined bending and torsion. The Dang fendbtained from data of notched

specimensKy, = 1.49;K = 1.24). Fatigue tests performed by Simbdrger [3]
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for notched specimens under combined bending@sibh. Fatigue tests performed by Simburger [3]
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