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Abstract: A parameter denoted “Critical Position Offset Agigl- CPOA is proposed in
this paper, developed as a new approach for asgeti® accuracy of multiaxial HCF
models based on the angle difference between thdigbed critical plane and the plane
where the equivalent stress reaches its peak vAlueimber of 11 models are compared
using this parameter, by applying them to simulatadtiaxial tension-torsion loadings
with different grades of nonproportionality. A widgcatter in CPOA values is identified in
cases of loading with dominant shear stress. Oyé¢nal equivalent stress models give the
best results.
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1. INTRODUCTION

Correct assessment of multiaxial fatigue damagestiéates an unresolved problem for the engineering
community ever since the first fatigue studies badn published. Engineering calculations involvenyrémes
the reduction of a complex multiaxial state of s¢rénto an equivalent uniaxial one, without verifyithe
validity of the reduction criteria for the givereld case, material and piece geometry.

Fatigue calculation has become an important parhathine design. However, multiaxial fatigue rersain
domain approached by a limited number of specglistthough in recent years Low Cycle Fatigue (L@Bs
gained the most attention, studies are still madgae field of High Cycle Fatigue (HCF) too. Nevsearch is
needed in the field of HCF since many componerisfindustries with strategic importance (such adear
[1]) are operating in the HCF domain and early oexpected failures can have catastrophic consegqaenc
claiming human lives.

Several review papers have been published congeth@applicability of multiaxial fatigue modelsaded on
different considerations. Some authors presentitbdels in a critical manner [2, 3, 4], while othemnfront
them with experimental data and assess their acg(ita5, 6].

This paper aims to put into a new light elevenhaf most often used multiaxial HCF models, by apgythem
to mathematically simulated proportional and nopprtional tension-torsion loading cases and assgshem
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based on the influence of two parameters: the giedliequivalent stress and the “critical positiffises angle”
(CPOA) between the predicted critical plane andplame where the equivalent stress reaches its yedak,
both as functions of the phase shift angle andsttgcle amplitudes.

2. REVIEW OF SELECTED HCF MODELS

The study presented in this paper is concernechatyaing multiaxial HCF models widely used in mawhi
design for their relative simplicity and acceptabteuracy in predicting fatigue life. The followirigt is not
comprehensive, since many other types of HCF maalas, but lack practical utility because theyuieg high

level mathematical knowledge to apply [4]. The sedd models for this study are the following [3]:
» Equivalent stress models: von Mises [7], “signed ises” [8], Tresca [9], Sines [10];
* Critical plane models: Yokobori [11], Findley [12{latake [13], McDiarmid [14];

» Models based on stress invariants: Crossland Hibgs (I1) [16], Kakuno-Kawada [17].

The mentioned models differ significantly in termisinterpretation of the three-dimensional stresdes but
they are all applicable for multiaxial loadings aamtk used in engineering calculations. They arefligri
summarized in Table 1.

Table 1. Main parameters of selected HCF damagesinod

Failure Applicable

No Model Damage Parameter (DP) predicted, | Critical plane | for prop./

if: nonprop.

1 | vonMises | lox-o,f +ly-af +los-a7 +elf +i ) | (DP)>14 Toee MaxX Yes/ Yes

2 S'?vrlliig:on sign(oy) [Gym (DP)>1, Toet Max Yes/Yes

3 Tresca g3- O (DP)>1, Tyt Max Yes/Yes

272 [
. Ar, R J3

4 Sines 2°°‘ + = Boy, (DP)>*"0 Toct Max Yes / No
0
. 27

5 Yokobori Tn +%Jn (DP)>14 7 max Yes/Yes
-1

6 | Findley %{Zﬂ -1jan (OP)> 1y | [4+{(%-t|moc | Yes/ Yes
-1

7 Matake % [?— ) n (DP)>1,4 %max Yes/Yes
-1

8 | McDiarmid Azr [;r‘l j (DP)>1, %max Yes/ Yes

uTs
9 | Crossland Joa + [35-1 - J@] @ h max (DP)>1, % max Yes/ Yes
-1
. 3 ATy
10 | Sines (Il) Joa ¥ -V3 |y, (DP) > 1,4 5 max Yes/ Yes
0
11 ﬁiﬁ:{;’é I +[%—\/§] @ +[ = —fsJ Wha | (DP)>T4 Aot max | Yes/ Yes
where: &, Gy, G, Ly, Ty, Trx— components of the stress tensor;

01, 0z — principal normal stresses;
Toct — OCtahedral shear stress;
d, — normal stress acting on plame

J,a— amplitude of the second invariant of the deviatstress tensor;

dh — hydrostatic stress;
OuTs — Ultimate tensile stress;

0., — fatigue limit under fully reversed tension-coession (R = -1);

0o — fatigue limit under repeated tension (R = 0);
1.1 — fatigue limit under fully reversed torsion (RB);
Other: m — mean; a — amplitude; range.
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The equivalent stress models start from the sixpmment stress tensor and generate one equivalemgarent,
thus transforming general multiaxial stress state an equivalent uniaxial one. This comes as addesntage,
since the effect of loading direction is eliminatétbwever, these models are the most widely appligel to
their simplicity and generally conservative preidios. These models also have limitations, sucim éise case of
the von Mises theory [7], which always producesoaitive tension load cycle, eliminating the compres
components. The “signed von Mises” model [8] cdsebis, but it requires the determination of thingpal
stresses, which complicates the calculations. TipiGation of the Tresca model [9] can also comthwsibome
difficulty, due to the necessity of solving a cubiguation in order to find the three principal sses. As for the
Sines criterion [10], which can also be consideaedritical plane model, is defined only for propangl
loading, Sines did not give any solutions for namartionality.

The critical plane models are based on a differded, stating that fatigue damage accumulates gpeaific
plane in the material, denoted the “critical planEfie damage parameter is a linear combinatiome#rsstress
and normal stress, acting on the critical planeapplied correctly, these models are usually lesservative
than the equivalent stress models. However, thergéation of the critical plane often poses difftees for the
specialists. While Yokobori [11] considers theicat plane to be one along which the shear stresshes an
extreme value, Findley [12] proposes that the linambination of shear stress amplitude and nostralss
define the critical plane. Matake [13] and McDiadnfil4] consider that the maximum shear stress duadgli
defines the plane where fatigue damage first agpe@iven the differences in defining the governing
parameters, much attention is needed in applyitigalrplane models.

The models based on stress invariants correldguéatife with the second invariant,{bf the deviatoric stress
tensor. Since,Jis related to the octahedral shear stress, acuptdithe stress invariant models fatigue damage
will occur on the octahedral plane, i.e. on thenplavhere the octahedral shear stress reachesaiksvadue.
Thus, all three selected models consider a damageneter defined as a linear combination of theusguoot

of J, amplitude and the hydrostatic stress. The Crodq&5], Sines (ll) [16] and Kakuno-Kawada [17] mxle
differ from each other in defining the hydrostapart of the equivalent stress. These models arergky in
good correlation with experimental data, however ¢hlculation of JJcan prove to be extremely laborious and
inconsistent in case of nonproportional loading.

3. DETERMINATION METHOD FOR CPOA

The used calculation methods will be presenteflimygaragraph, structured as follows: definitiortha original
load spectrum, transformation of the original lagectrum into a state of plane stress, findinghef dritical

time moment on the load cycle, definition of thelgmed load cases with different grades of nonprtipmality,

calculation of representative stresses followedccélgulation of equivalent stresses according topttesented
models. The mathematical part was realized withragnam especially written for this purpose, in Madul

environment.

3.1. Definition of CPOA

As stated before, the Critical Position Offset Angl CPOA represents the mathematical differenocgdsat the

position angle of the plane where the consideredvatgnt stress reaches its peak valllge and the position

angle of the critical plane 6, both angles as predicted by the corresponding HiG8el. The mathematical
expression of CPOA is the following:

CPOA=|6,, = p ®

The idea behind CPOA is that the plane where thiévalgnt stress is maximum should coincide with prene
predicted as critical by the corresponding HCF nhao8le a result of this, according to an assessrhaséd on
CPOA, a given model is the better defined the lotlwervalue of CPOA is. As an example, if CPOA isoz¢he
model is considered to be well defined, and as CR@reases, the model loses in accuracy.
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3.2. Transformation of general stress state into phe stress and finding the representative time mome
on the load cycle

The starting point of the present study is a gdrexacomponent stress history, based on the lgpdindied in
another work [18]. However, this time constant dtoge stress histories are used, as presentedgime-il,
where a sequence of 5 full cycles are plotted. Jémeral equation for each of the six stress compsris the
following:

o(t)=o0,+04(sin(at + @) ®)

where® is the phase shift angle, the parameter whichndsfthe grade of nonproportionality in the present
study.

c,,=315MPa; o

x.a

=-37.5MPa;

x,m
Oyq=60MPa; o, =0MPa;

C.,=55MPa; o©., =-55MPa;

T =210MPa; 1 =30MPa;

xv.a Xy

Stress [MPa]

Tyeq=15MPa; 7 =75MPa;
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Fig. 1. Original three-dimensional proportion@ € 0) stress history and component means and ardest

In order to simplify the calculations and to eagialization, the complex stress history preseimeigure 1

was decomposed into three cases of plane streesdddomposed load histories, plottedbim coordinates, are
given in Figure 2 a, b and c.

A ‘f
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(a) 1y (b) oy (c) —ts0
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oy [MPa] oy [MPa] o, [MPa]

Fig. 2. Decomposed stress history in 3 statesaofepbtress.

Txy
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A very important phase in the processing of thellspectrum is the determination of the most repritasiee
time moment on the cycle. The criterion of the wausessible case is applied, meaning the time moment
exhibiting the highest stress values is chosenfddher analysis. In order to account for the plitisy of
nonproportional loading, the critical time momesndefined as the moment at which the corresponuiiigt on

the o-t graph in Figure 2 is at the highest distance ftoenorigin of the coordinate system.

It can be clearly seen that the highest distanmm fthe 3 graphs in Figure 2a, b and c is reachddguare 2a.
The highest distance and the time moment at whidd reached on the 100 s long cycle are autoniitica
determined by an algorithm especially written fastpurpose in MathCad environment (Figure 3).



Journal of Engineering Studies and Research — Voluen18 (2012) No. 3 79

Det_DI = |ttt « 100
dist < 0

for i€ty v bin

dd e J(oyfi 2] - 07 + (ryg i, @y) - 0]
if dd 2 dist
dist « dd

ty i

[MPa]

@Q Critical time moment [s]

oy [MPa]
Fig. 3. Calculation of the highest distance (distithe loading path from the origin and the coroesiing time
moment ().

3.3. Loading cases considered for the analysis

The original load spectrum and thus the loading gassented in Figure 3 are proportional. Sinceainjective
of this study is to analyze the influence of nomamionality on the applicability of different HCfodels, the
loading case in Figure 3 has been altered in tefrpbase shift angle and stress amplitudes. Asudtref this, a
number of 14 different loading cases are subjeitethalysis in this paper, as presented in Table 2.

Table 2. Analyzed loading cases.

No Cycle definition parameters dist t, [s] Loadina path

0, [MPa] | o, [MPa] [ t,[MPa] [ 1, [MPa] | ®[deg] | [MPa] ' gp
Al 37.5 -37.5 210 30 0 240 25 proportional
A2 37.5 -37.5 210 30 15 240 21 nonproportional
A3 37.5 -37.5 210 30 30 240 17 nonproportional
A4 37.5 -37.5 210 30 45 240 12 nonproportional
A5 37.5 -37.5 210 30 60 241 8 nonproportiongal
A6 37.5 -37.5 210 30 75 242 4 nonproportiongal
A7 37.5 -37.5 210 30 90 243 0 nonproportiongal
B1 210 30 37.5 -37.5 0 240 25 proportional
B2 210 30 37.5 -37.5 15 240 25 nonproportional
B3 210 30 37.5 -37.5 30 240 25 nonproportional
B4 210 30 37.5 -37.5 45 240 25 nonproportional
B5 210 30 37.5 -37.5 60 241 25 nonproportional
B6 210 30 37.5 -37.5 75 242 25 nonproportional
B7 210 30 37.5 -37.5 90 243 25 nonproportional
g»zs« -mfﬂ) 50150 250 g -250 -150 @ 30150 250 -250 - 150@ 30150 250 g-isn -150 [% 30 150 250 g»zm -150 30150 250 g-zm -150 Flspl S0 150 250 g,m -150 q 30 150 250

o, [MPa] « [MPa] o, [MPa] o, [MPa] G, [MPa] o, [MPa] o, [MPa]
k j 3 E : :

o, [MPa] ay \MI’ | oy [Ml’ ] oy |MP ] a, [MPa] o, [MPa] o, [MPa]

Fig. 4. Analyzed loading cases plottedsit coordinates.

3.4. Calculation of representative stress historiess functions of plane angle
In order to be able to apply the HCF models preskim Table 1, the magnitudes and directions otsv
guantities of interest need to be known:
¢ position of the planes along which the stressasandt, reach their maximum in &nd their values;
¢ position of the planes along which the principaksseso;, 0y, 112 reach their maximum in &aand their
values;
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 position of the planes along which the stress rafgeAT, reach their maximum in &nd their values.

The stresses andt are firstly calculated as functions of the plangla®:

o(8) =% +%cos(26?)+ I,y Sin(26) )(3
()= —% Sin(20) +7,,0s(26) @)

The principal normal stresses ando, are the solutions of the cubic equation, whe(®), 1,(8) and k(8) are
the three invariants of the stress tensor (equaBdn The principal shear stress in the presese @ plane
stress will be computed according to equation (6).

a2 - 1(0) B2 +1,(0) - 15(8)=0 5)(
_|ow(8)-05(9)

n0)=————— (6)

The octahedral shear stress is determined witfottwaving relation:

roct(e>=§Jazw)+3r2(e> ™

The stress ranges of interest, Me.andAt,, are determined using an algorithm written fos thiurpose, as the
example shows in Figure 5 a fAr,,,. The positions of the planes on which the abovatimeed stresses and
stress ranges reach their peak valusnfe O:max Oo1max Boz.max Brizmax Broctmax Oarmax Oaroctmay are all
determined by algorithms written in MathCad, similath the example given fd; maxin Figure 5 b.

AT(0) = |for tetpi bin + 1 tyay Opax Ar= |valLT< 0
val_T“ « T(t,0) for 6_<0,001. 27
Ty € tin(val 1) . l:i:_(:;)_l ;_|val_'r|
Trmax € max(val_7) val T« AT(0)
4 Trax ™ Triin val 0 « mod(val_e,g) if val 02 g
@ L Y

Fig. 5. Shear stress range calculation on plae and plane position where the shear streserangax (b).
3.5. Material characteristics used with the analyz#t HCF models
The material properties which are used in the ¢atficns are given in Table 3.
Table 3. Material properties.

Material Outs [M Pa] Oyield [MPa] O [M Pa] Oo [M Pa.] T4 [M Pa.]
41Cr4 870 761 350 220 250

4. RESULTS AND DISCUSSION

The 11 HCF models reviewed in Chapter 2 were stdgjeto the CPOA assessment, each of them beingeedppl
for 14 load cases with different grades of nonprtipoality. The obtained values for the stressemrest and
the angles of the planes where they are actinggiges in Table 4, for all the 11 models in 14 lazdes.
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Table 4. Obtained stress values, correspondinglasitions and CPOA for each model.
Loading case
Parameter
Al |A2 |A3 |AMA | A5 | A6 |A7 | B1 | B2 | B3| B4| B5| B6| B7
Bome[] | 44| 135| 133] 135 13§ 135 13 0 0 0 -2 172 q71 |10
Om[MPa] | 240 -241| -242] -24 -25p -254 289 240 240 024 -1| 241| 243] 24§
Br°] 0 0 0 0 0 0 1 49 42 4 4 37 36 5
Twm(MPa] | 240] 240] 240 249 24p 240 241 1o -0 -l2a21- -121[ -123] -124
Botrmex[?] | 15 17 17 16 17] 14 1 D b D o 0 0 0
oum[MPa] | 277 277] 276 273 270 268 266 240 240 240 p4p41| 243] 246
B[] | 105 | 108| 107] 107 108 108 109 52 52 51 |52 |47 |45 |45
Oum[MPa] | -277| -278] -279 281 -28% 287 291 80 B0 804 -81| -81| -83] -86
Burzimenl] 0 0 0 0 0 1 o 34 34 3 20 29 35 %6
TomdMPa] | 240 240[ 240 240 240 241 241 139 139 139 [13a40[ 141] 144
Brotren°] 0 0 0 0 0 0 o 26 25 24 21 4 19 19
Toamm(MPa] | 196] 196] 1960 194 196 196 197 1o 120 {20 ho@21 | 122] 124
O[] | 87 88| 87| 88 0 0 q 53 58  sp 51 50 16 Ha
Atu[MPa] | 422| 422| 421 421 420 420 420 2p3 222 220 pbipi4| 211 210
Buoarad?] | 85 87 1 2 1] 89 g 39 3 3p A9 24 w2 16
Mome{MPa] | 194] 105 185 188 19p 195 192 b9 103 107 11216 1 120 122
Oovtame [°] 0 0 0 0 0 0 1 29 29 2] 28 5 A1 21
omm[MPa] | 416 416] 416 416 416 417 418 255 Js5 255  p5®57 | 250| 263
owmBuare) [MPa] | 416 416 416 416 416 417 417 254 254 254  p5256 | 258| 262
CPOA(M) [] 0 0 0 0 0 0 1 3 3 3 2 ] P
Bowts re[°] 0 0 0 0 0 0 1 29 29 21 2B 25 21 21
Owmsmex[MPa] | -416 | -416] -416] -416 -416 417 418 255 255 525 255| 257| 259 263
Ows(Broa) [MPa] | -416 | -416] -416 -416 -416 -417 417 254 254 542 253| 256 258 261
CPOA(Ms) f] 0 0 0 0 0 0 1 3 3 3 2 ] P
Bomrma[°] 0 0 0 0 0 0 1 33 33 3 3p 3 28 25
onmm(MPa] | 480] 480 480 480 48D 481 482 2y7 77 277  p7@80| 283] 287
OnBoarme) [MPa] | 480 | 480 480 480 480 481 481 2y1 270 270 b6@73| 275| 282
CPOA(TY) ] 0 0 0 0 0 0 1 7 7 7 g H 3
O] | 64| NA[ NA[ NA| NA| NA| NA [ 174 NA| NA| NA[ NA[ NA | NA
Oswa{MPa] | 123] NA[ NA] NA[ NA| NA| NAJ 104] NA[ NA] NA[ NA | NA [ NA
OsiBoame) MPa] | 88| N/A[ NA[ NA| NA| NA| NA] 98] NA[ NA| NA| NA| NA [ NA
CPOASIN [ 64 NA| NA| NA] NA[ NA[ NA | 148] NA| NA[ NAT NA | NA | NA
Bvaex[] | 24| 115] 115] 115 118 116 117 198 157 158 155 55 1 |15149
Ova[MPa] | 375| -376] -378 382 -38f -392 399 331 331 233332| 334| 336 344
OvaBume) [MPa] | 240 | 239] 234 226 21y 206 207 38 36 [37 |23 |4037| 26
CPOA(YOKP] | 24| 115] 115] 115 118 115 11 145 1p5 117 113 117 6 [11114
Bormme[?] | 79 79| 81| 81 82 81 8] 50 57 96 36 56 B2 a9
OmmmdMPa] | 220| 220] 2200 219 218 21 215 1p3 125 124 he2mie| 118] 118
Or(@rnme) [MPa] | 220 220] 2200 219 218 216 215 1p3 125 {24 homi6| 118| 118§
CPOA(Fin) f] 0 0 0 0 0 0 0 0 0 q c b D
Oovarma[?] | 79 79| 81| 81 82 81 81 14D 147 148 148 143 142 138
CwarexMPa] | 220 220] 2200 219 218 216 215 1he 45 145 h4ad42| 141] 140
Ova®mr) MPa] | 216| 215 216 214 21p 210 2i0 1ps 128 127 h2@24| 124 124
CPOAMat) ] 8 9 6 7] 82| 81 81 96 9% 95 97 93 H5 b5
Boveomex[] | 84 84| 83| 84 84 87 85 14 144 143 142 142 138 137
Ovom|MPa] | 214 214] 213 213 21p 212 211 1b6 25 {24 h23a22 | 120] 120
Ovo(Bume) [MPa] | 213| 212| 213 212 21p 210 210 119 18 417 p1@14 | 113| 113
CPOA(McD) f] 3 3 3 3] 84| 87 83 92 91 o1 g1 92 H1 53
Bosinima[°] 0 0| 175 0 o] 179 q 57 38 3 3B 32 °8 o
Osumex[MPa] | 120 123[ 126] 124 129 130 131 59 B9 |12 |73 |15 6|7 77
OsBoqra) MPa] | 117 128] 125 127 126 119 128 56 68 |68 |71 [7273] 72
CPOA(SININP] | 85 87| 174 2 1 87 6 19 ] 6 ‘ 3 6 11
Bocromed”] | 85 82| 82| 92| 90 o 94 28 24 147 19 13 14 3
OcomedMPa] | 122 121 121 121 129 122 122 71 4 |78 |81 |84 7|8 88
OcdBvare) [MPa] | 122 121 213 114 11y 120 119 70 73 |77 |80 |8486| 88
CPOA(Cro) f] 0 5] 81] 90| 89 9 9o 1( 12 17 o 11 8 13
Boccmex[] | 90 90| 90| 90| 90 9 9 74 123 121 1po 22 {15 h13
Ouwmex[MPa] | 118| 119 1200 118 119 119 118 13 W5 a6 |47 [49 9[4 50
O(@sowme) [MPa] | 106 | 111 97| 9§ 10 11y 97 5 6 4 8 8 12 11
CPOA(KK) [] 5 3] 89| 88| 89 1] 84 3¢ 8y oL d1 98 b3 o7
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where:
oxx(Bsvy,max) — the equivalent stress corresponding to model XX T( - Tr_esca;
on the planed considered to be critical where the stress Sin —Sines;
reaches a maximum value; Yok — Yokobori;
Fin — Findley;
CPOA(XX) — the CPOA of the model XX Mat — Matake;
McD — McDiarmid;
vM — von Mises; Sinll — Sines (Il);
vMs — Signed von Mises; Cro — Crossland;
KK — Kakuno-Kawada;

The following figures (Figure 6 - 16) present thwlation of the selected 11 HCF models in 6 of tddoading
cases, by plotting on an angular hodograph twasstrpantities in, tas functions of the plane ande the
equivalent stress and the stress defining thecatifilane (see Table 1). The variation of CPOAtler different
phase shift angles in case of each model is aksepted in the figures.

- CPOA von Mises - Series A P CPOA von Mises - Series B
8 8
g g°
< ¢ < 4
2 3 %
& 2 . & 2 o
0 T T T 0 T T T T 1
2 20 40 60 80 100 2 20 40 60 80 1?0
Phase shift [deg] Phase shift [deg]

Fig. 6. CPOA for the von Mises model.

1 CPOA Signed von Mises - Series A 10 CPOA Signed von Mises - Series B
8 8
g° g°
< ¢ < ¢
8 2 H——QHDU_—EI
S 2 o S 2 o
0 T o T 1 0 T T T T 1
B 20 40 60 80 100 2 20 40 60 80 100|
Phase shift [deg] Phase shift [deg]

Fig. 7. CPOA for the Signed von Mises model.

10 CPOA Tresca - Series A 10 ~ CPOATresca - Series B
o o o
8 8
— —_— o o
g <
& 2 & 2
=] p =]
0 u o T 1 o T T T T 1
) 4 20 40 60 80 100 N 20 40 60 80 100
Phase shift [deg] ) Phase shift [deg]

Fig. 8. CPOA for the Tresca model.

100 90 80
10 70
120

Fig. 9. CPOA for the Sines model.
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Fig. 10. CPOA for the Yokobori model.
2 CPOA Findley - Series A 2 CPOA Findley - Series B
=1 1
= =
@ @
= =
< 0 < 0
4 20 40 60 80 100/|Q 20 40 60 80 100]
(=] (=]
A El
2 -2
Phase shift [deg] Phase shift [de g]
Fig. 11. CPOA for the Findley model.
CPOA Matake - Series A CPOA Matake - Series B
180 180
150 150
T T
= = o
< 90 < @
=] =)
a 60 o 60
(=] (=]
30 30
0 ]
0 20 40 50 100, 0 20 40 60 100]
Phase shift [deg] Phase shift [deg]
Fig. 12. CPOA for the Matake model.
CPOA McDiarmid - Series A CPOA McDiarmid - Series B
180 180
150 150
T T
= =
< 9 < %
=3 [=]
Q. 60 a 60
(=] (=]
30 30
0 = o 0
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Fig. 13. CPOA for the McDiarmid model.
CPOA Sines Il - Series A CPOA Sines Il - Series B
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T T
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o % o < W
=] =)
& 60 & 60
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0 o o [=] 0 — o
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40 60
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40 60
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Fig. 14. CPOA for the Sines (Il) model.
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CPOA Crossland - Series A CPOA Crossland - Series B

CPOA [deg]
o
o
o
CPOA [deg]

80 100 0 20 100

40 . B0
Phase shift [deg]

40 B0
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Fig. 15. CPOA for the Crossland model.

CPOA Kakuno-Kawada - Series A CPOA Kakuno-Kawada - Series B

CPOA [deg]
=]
o
o
o
CPOA [deg]

0 20 100 0 20

40 .. B0 40 .. B0
Phase shift [deg] Phase shift [deg]

Fig. 16. CPOA for the Kakuno-Kawada model.

As Figures 6-16 show, the CPOA has various gragpemting on the model. The equivalent stress mddels
von Mises (Figure 6), Signed von Mises (Figurert) &resca (Figure 8)) give a rather weak influesitiine phase
shift on the CPOA. In all the 3 cases, the CPOA&aémains in the range betweehad 10. In case of the von
Mises and Signed von Mises model, a slightly dedicgntendency of CPOA can be observed with thesaming

phase shift. However, the Tresca model's CPOA stoowascending tendency with the increasing phaieast a

larger scatter. It is also important to mentiort #ibthree models generate CPOA values closertowhen applied
to Series A from the analyzed loading cases, vilitease of Series B, the CPOA values are above-zero

The Sines model (Figure 9) was applied only fortéhe proportional loading cases, and even so ieggad high
values for CPOA, meaning large position differebeaveen the plane of maximum stress and the driaae.

As expected, the critical plane models (Figuresl3p-have proven to be less predictable then thévaigumt
stress models. The values of CPOA generally juntgwden O and 90. While the Yokobori model (Figure 10)
generates almost constant CPOA values &ttd@ Findley model (Figure 11) by definition givbe best result:
CPOA = 0, since the critical plane and the plane of maxinstress are defined to be identical. As for the
Matake (Figure 12) and McDiarmid (Figure 13) modeélsth give similar results. In Series A, both medgve
CPOA values which jump between approka@d 90, the shift apparently happening af 6 case of Series B,
both models give stable, around®°d0r CPOA. The Matake model gives slightly highd?@A values then the
McDiarmid model, due to the difference in matedahstants used.

According to this study, the models based on sfreswiants (Figures 14-16) give the worst resuitterms of
CPOA from the analyzed 11 models. It can be seep again that the scatter is much higher for Se&iésan

for Series B. In case of the Sines (ll) model (Fég4) it is of 180, which can be due to inconsistencies in
defining the amplitude of the second invariant e stress deviator, analyzed in another work [H&wever,

for Series B the Sines (Il) model gives an almasistant CPOA of around® 6or all the analyzed grades of
nonproportionality. The finding is similar in caséthe Crossland (Figure 15) and Kakuno-KawadayfedL6)
models too. However, it can be observed that faileSeB the Kakuno-Kawada model predicts CPOA to be

around 90, while the Sines (II) and Crossland models fladoiC’.

It can be observed that the majority of the modeésmore stable in terms of CPOA in case of thditags from
Series B, where the dominant stress is the nortredss In case of Series A, where the dominansstiethe
shear stress, the scatter among CPOA values is migdr. The exceptions from this tendency are the v
Mises, Signed von Mises, Tresca, Sines and Findlegels. The latter gives absolute 0 values for CP@iile
the Sines model is not defined for nonproportionaltiaxial loadings.
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4. CONCLUSIONS

A number of 11 multiaxial HCF models are reviewed @nalyzed in this paper, based on a parameteredef
as the difference angle between the positions efctiitical plane and the plane where the equivastrss
reaches its maximum. This parameter, denoted aGritieal Position Offset Angle — CPOA, can be ddesed
as a measure for the accuracy of the model. Thadess CPOA is, the better defined the model.rbédels are
applied for 14 simulated loadings with differenades of nonproportionality, given by various phsisié& angles
between the normal and shear stress cycle.

It is found that the models generate higher CPOAegwith wider scatter in case of loadings witmdtant shear
stress. Furthermore, the models based on the s@oaariant of the stress deviator (Sines (Il), Gtasd, Kakuno-
Kawada) give higher CPOA values than the equivadtress models (von Mises, Signed von Mises, Tye3tés

may be explained by inconsistent definition of thentioned invariant in case of nonproportional lngd The

CPOA assessment applied for the Findley model avpagduces zero values, given by the model’s dafimi

As a result of this, the CPOA assessment is nalid measure of the Findley model's accuracy. Farrtiore,

the Sines model is not defined for nonproportidonatings, thus plotting the variation of CPOA wilte phase
shift angle is not applicable.

Given the above and taking into account the meatioexceptions, the CPOA assessment is aimed ta be a
additional tool in selecting the HCF models foruaability evaluation, by predicting the differenisetween the
plane of maximum equivalent stress and the crifidahe. This can be useful in applying the appedprHCF
model for the given case of loading.
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