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Strain-Life Analysis
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Hysteresis loops, Cyclic stress-strain curve
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Material changes its characteristic during loading

al g o 6
2
o t t €
©
S IV AR =/
1:‘
b e o) G.ﬁ
2
S- t ' t e
ks %
g).
Cl ¢ c °
s MWWV
g t t e
(O]
e
R AR “
o }\"/\ t Mt @Le
o
5

A G E
e G C C.._AC’A
: N !
E 0 \'/ t =0 €
[) D D
§ R %

Strain-Life Fatigue Analysis — DUZ@TUL, 2018, Lecture #4 4 © Jan Papuga, Milan RuzZi¢ka



CSSC approximation (Ramberg-Osgood)
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Strain-based fatigue curves

Manson-Coffin curve
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Manson-Coffin — apgroximation

!

O- C
£ ="+ = ff(zN)b +¢&,'(2N)

oy ...fatigue strength coefficient, b...fatigue strength exponent

& ... fatigue ductility coefficient,  c...fatigue ductility exponent

£ = %(ZNV, e =g, 2N)

'

loge = log%(ZN)b, loge! =loge,'(2N)

o
loge = logff +blog(2N), loge?” =log E,Fc log(2N)
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Transition Fatigue Life

HB, Brineill Hardness
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Neuber rule

Neuber Glinka
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Material non-linearity - Consequencies

 The loading by more load channels cannot be

divided to the response of the FE-model to

individual load cases

 Processing of long load histories can get
quite lengthy
Either non-linear FEA

Or linear FEA, but then Neuber-like method should

be applied to obtain the elastic-plastic response
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LCF — Masing Assu

mption

Cyclic stress-strain curve crosses centers of

! hysteresis curves shifted to their starts

Ae=2¢, =26 +2e" =
1
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Massing assymes that saturated hysteresis loop (shifted in to the zero
points of the/coordinate system) have a

<common upper branch.>

Many of metals, however, do not follow the rule.
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Real Neuber Rule Application

We should distinguish

« First branch going from zero (A — according to cyclic stress-

strain curve)

 Next branches correspond to the description of hysteresis loop

Notch stress, O
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Notch strain, €

A€ = AGTE + 2(Aol2K)'"™
AE, Ao

AoAg= (K;AS)/E
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Mean stress at notches

elastic

Notch
Nominal

€

Nominal

Nominal mean stress is less

than notch mean stress
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Notch

Nominal

plastic

Notch

Nominal mean stress is greater
than notch mean stress
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MSE by Strain-Based Methods

Material curve

Landgraf: _ 070, w . (o (BasQuin)
h=é., = E (2N) +£;-(2N) modified
_ Damage
Smith, WatSOn,TOpper: ])1 — PSWT = \/(O-a + O-m ) ga B parameter
(load)
modified
Bergmann: P, =P, =\/(0'a +k-0 ) E-¢€
Erdogan a Roberts: | p =p_ = \/o-aV.(o-a +0, )1‘7 .E-g
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Linearity of the damage cumulation rule

Salf \es /N /N /N 5,
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results the
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Load History B

Strain-Life Fatigue Analysis — DUZ@ TUL, 2018, Lecture #4 15 © Jan Papuga, Milan R(zi¢ka



Residual stresses

Result of previous history including

plastic straining

Compressive residual stress is positive
(can be used in some technological

procedures — autofrettage)

Tensile residual stress worsens

durability (e.g. too aggressive grinding)
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Surface roughness effect — e-N curves

Similar effect
as by S-N
curves

The HCF
region
affected
above all (i.e.
the elastic
part)

Strain amplitude (log scale)

— Highly polished surface
== = Unpolished surface

Total
strain

strain “:_...____
Plastic
strain

1 Reversals to failure, 2N, (log scale)
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Fatigue parameters estimates

Parameter Unalloyed and low-alloyed steels Aluminum and titanium alloys
o 1,5-R, 1,67-R,
b -0,087 -0,095
£, 0,59 w 0,35
c -0,58 -0,69
o, 0,45-R, 0,42-R,
£ R R
¢ 0,45-~ " +195-10" -y 0,42 - —
E E
N 5-10° 1-10°
K’ 1,65-R, 1,61-R,
n 0,15 0,11
R _
where: w=10 for " <3.107
E
BAUMEL, A.; SEEGER, T.: R R
Material Data for Cyclic Y = (1,375 —125,0- m] for —">3.10"°
Loading - Suppl. 1. E E
Materials Science Monograph
61, Else'\sfiei Sc(.: Publighei,s 1//2 0
Amsterdam 1990

R -0,12 0,6 -0,6

Another estimate: Manson (for steels) A =2¢&, = 3,51;?1 (N 4+ (Ef) (N
I |
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But carefully!

0_

@ Unalloyed steels (UA)
Iy O Low-alloy steels (LA)
A High-alloy steels (HA)
O Aluminum alloys (Al)

® Titanium alloys (T1)

Fatigue strength exponent, b

0 500 1000 1500 2000 2500 3000
Ultimate strength, R,, (Nmm™)

Basan R, Franulovié¢ M, Prebil I, Crnjarié-Zic N. Analysis of strain-life

fatigue parameters and behaviour of different groups of metallic materials.
Int J Fatigue 2011;33:484-491.
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Design Against Fatigue

Ways to Fatigue Analysis, Part lli

Jan Papuga

R
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Typology of loading

Proportional loading Non-proportional loading
(in-phase loading) (out-of-phase loading)
The stress tensor in one Change of individual
moment is the multiple components of the tensors

of a stress tensor in does not correlate

another moment Changes in principal directions

occur — multiaxial hardening

starts
Oa () O 4 O 4
// f T T %_”C
O () 4
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One of the Simplest Solutions

Signed von Mises stress

Can be efficiently used also for loading with non-
constant (or random) amplitude

o(1) = \/% (6.-0,f +(o,-0.f +(0. —0.) +6(c2 + 22 +72)|

PragTic o *(t)=o(t)- sign(I, (1))

§> ¢
MSC.Nastran o*({t)=0(t)- Sign(max(]O'1 : 0'3‘)) O
(and PragTic) w

MSE e.g. by Walker
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..But the Results...

Signed von Mises

Difference between both signing variants negligible overall
Optimum variant only for ductile materials and in-phase loading

with zero mean stress

= Problems

= Mean axial stress
within multiaxial
loading

= Mean torsion stress
within multiaxial
loading

Strain-Life Fatigue Analysis — DUZ@TUL, 2018, Lecture #4
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MSC.Fatigue - MAPS

Provides the best overall results if the
simplified criteria are evaluated, but still they
are not very good

Relative occurence

45% MAPS 5% — | MAPS on {nMS-IP; MS-To; MS-Ax}|
a0% |335 tests from 407 40% - 173 tests from 190
35% 35%
30% S 30%
25% % 25%
20% ; 20%
% g 15%
10%
5% -
0% -
AFI [%] AFI [%]
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Multiaxial fatigue solution — Status quo

 Short development and verification time

 More interacting effects

* More complicated numerical analysis

* Unclear character of the damage initiation

* Too many existing solutions

 Their broader comparison missing (before FatLim)
* Major use in the research area only

e Demand on a universal solution exists in the
commercial sphere
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Maximum local loads are on the surface for any load mode.
This must be valid also for any their combination.

Exceptions:
Bimaterial interface (also interface between hardened layer and matrix)
Internal integrity defects, inclusions

Forced on parts Beware of GCF — crack

Contact surfaces
Involved residual stresses

needn’t be initiated
on the surface

R |
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Damage Initiation on the Surface

Plane stress state :
('not valid at contacts!)

If 6, and G, are principal stresses:

rovina s maximalnim
pusobicim zatizenim
T | -—¢-/ (d!e hypotézy T

max)
\

Gz CTx
: —& »
rovina ¥ - rovina vz
povrchu xz plane yz plane

surface

surface

Maximum load according to
T, (1resca) hypothesis

(deviated by 45°  from the
surface)

Maximum load as regards the
maximum principal stress

(deviated by 90° from the

surface)
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Damaging mechanisms

1.0
=
=
,
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©
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@
o
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=
8 Nucleation
0 \ 1 1 1 1 1
1 10 10° 10° 104 10° 108 107

Fatigue Life, 2N;

SOCIE, D. F.: Critical plane approaches for multiaxial fatigue damage assessment. In:
Advances in Multiaxial Fatigue, ASTM STP 1191. Red. D. L. Dowell a R. Ellis, Philadelphia,
American Society for Testing and Materials 1993, pp. 7-36.
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Cracking Mode

Region A — low-cycle fatigue, shear plastic Depends on:
straining dominant

Plethora of micro-cracks initiated on shear
planes; they become more highlighted but do Load type
not grow further

Material

Ocel SAE 1045, tah(Tension)

NN, 4
Region B — nucleation in the shear mode, ol Dblaﬁi il =tlastk pfeSilast
then the macro-crack grows perpendicularly | ""”*-\ Tensil ’
to the direction of the maximum principal 0.8 \u\TeanhScllSaCtrr?nﬁna
stress. 06k \\
The nucleation is a small part of the total .
life. Next damage ascribed to the growth of ~ "~'[ Shear crack growth %TEEQSEC 'frﬁfiﬁ
the major crack. Some material can damage 0.2 Rostsmykove trhliny
in this mode preferably. oL , , , , N
10 10 10 10 10 0
Region C — high-cycle fatigue. The most of N, (po&et cykli)

the life spent on a crack nucleation (in the : :
. Nucleation of fatigue cracks
shear mode). The macro-crack grows fast in

the normal mode. in the shear mode dominant

I |
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Multiaxial Fatigue Calculation

s Induced damage ~ Crack ~ Plane

m Load state description on that plane constitutes direct input for
fatigue parameter

m The shear parameters play usually the dominant role, normal
parameters are secondary (but important anyhow)

For reflection:

|f the FEM model is used, minor
details are often modelled with
abrupt changes of the surface
plane.

*|s the plane stress condition valid
there?

*How to define the normal line to
the surface?
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Stress State on a Plane

Non-proportional

Proportional loading

Directions of G, remain

Directions of 6_, v_ and

the same during loading

T remain the same

Shear stress can rotate

during loading

© Jan Papuga, Milan Ruzi¢ka
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Shear Stress Decomposition

m How to define shear stress amplitude and

mean stress by non-proportional loading?

Longest Minimum

Projection Circumscribed

Method Circle Method
4

Longest Chord Minimum

Circumscribed
Ellipse Method

Well, but what is

A‘\"'LP\ Method
2
AV ? Isosceles ?
@]
the cycle?

I ]
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Load History Decomposition |

Continuous load history -> Set of discrete cycles

B A 1 ,;
/\/ =

> C} ?5'?:‘:1;/
\/\/V | =l

To znamena, Z2e jsou halezeny G

nasledujici poloZky: 8=g"

Horni<tab>Dolni<tab>Pocet W 2=2
/

=~ =00 YN
= =] = 0

hontho OO
\\‘
S 4

0

What to do in the case of multiaxial non-proportional
loading?
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Load History Decomposition Il — Multiax.
Why not to use the rain-flow procedure?

on normal stress (Langlais, Vogel, Chase and others)
on resolved shear stress (Wang & Brown, Socie)

on some other equivalent parameter (Kenmeugne et al.)

Well, why to use it?

The idea behind the rain-flow was based on the energy closed within the
complete hysteresis loop

Where are the closed loops here?

Selection of some variable ensures omission of the effect of others

More complicated models

Wang & Brown decomposition as proposed in 1996

No decomposing at all? Continuous damaging? Stefanov’s method:

g “www freewebs.com/fatigue-life-integral/ |
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Critical Plane Approach Integral Approach

Mc Diarmid, Wang & Brown, Socie Papadopoulos, Kenmeugne et al.
= Critical plane according to: - Averaging ~ Integration
Maximum Shear Stress Range (MSSR) - Integrate:
Maximum Damage (MD) - Complete damage parameter
Critical Plane Deviation (CPD)

Individual variables
other...

|
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Critical Plane Approaches

MSSR (maximum shear stress amplitude)

One large shear stress amplitude on one plane can
create less damage than a large number of smaller
cycles elsewhere

MD (maximum damage)

This approach should overcome the problem
above

More actual
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Multiaxial solution

Solution enclosing the load path in the llyushin
deviatoric space (IDS)

Critical plane approach — CPA:
Final damage is related to the maximum of the damage parameter
Damage
localized to one specific plane
has no relation to a damage computed on any other plane

Integral approach — IA:

The damage parameter or individual variables are integrated (i.e.
averaged) over all planes

Damage
is not isolated to one specific plane
even perpendicular planes interact
the extremes found on particular planes are suppressed
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IDS methods

6=s+K,
2 1 1 |
—0_—-—0_——0 o o
3°X 3y 3 z Xy Xz
2
s = o ——0_+—0. —— o
Xy 3 X 3 ¥V 3 2 yz
1 1
o o -—0_—-—0_+—0
i Xz yz 3 X 3 Y 3 Z
0. +0 +0_ 0 0 Hydrostatic stress:
1
K, =— 0 o +0_+0 0 1
3 x oy oz o,=—|0_+0_ +0
0 0 ax+0'y+0'2 3\ X y 4

IDS ~ llyushin Deviatoric Space — five-dimensional space, in

which the point position is derived from stress tensor deviator

_ 3. _ 1 ( )
S = ESxx’ S _ﬁ Syy_Szz >
S3:\/§S . S4:\/§S .

xy 2 xz?2
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IDS — Why to be interested

Critical plane methods and integral criteria
analyze stress state on various planes

to get the shear stress range, the minimum
circumscribed circle algorithm (MCCM) is run in
2D on each plane

IDS methods
the same MCCM algorithm is run in 5D

but only once!

results in a quicker solution

I |
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Criteria for Fatigue Limit Estimation

How to check them?

m All fatigue criteria converted to the standard:

Dp < f—l f.,- fatigue limit in fully reversed axial loading

f..— type of axial loading
For an experimentally set l (push-pull, bending,

multiaxial fatigue limit: rotating bending)

corresponds to the fatigue

Dp — f—l ® (imit used in calculation

Fatigue index error: AFI = DP_f‘l -100%

—1
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FL Criteria - Method of Evaluation |l

m Statistical evaluation of DFI within prepared

15%

g rou ps Average of AFI| ||—#— Papadopoulos
10% ‘ =
o O—~ = S 0 ---A-- - Robert
average value 5% - ¥
0% | & —o——Fogue

range (max-min)

—a&— Zenner-Liu

-5%

—o—— Spagpnoli

. standard deviation | " Spagnol
Histograms of ]

N EE RN

. . [« + C__& o > < o ; @©

fatigue index error 2252 o2 r g2ead |
s 2 i £ % 2z

o 70%
<
Fogue criterion 50 . Range of AFl| ||—@— Papadopoulos
309/329 values R\ .
3 50% - Q) ---A- - - Robert
a'_?\' 0,
o - 40% 1 —o— Fogue
g 30% | O
3 —=— Zenner-Liu
o 20% -
Oo = °
= 10% —<o—— Spagnoli
x modified
D o% T T T T o T \(n T (,J T (,J T (/) T \D_ T (,) T (/) T (D T T c A H
= o) o — - A -
ool wooloowow <%£'¥§é; %EEEEFEZ%E,E.%{%
TSR] SRS ANy 38¢% gFgoexgo X 283y
AL AN T T oo &6 & S t ¥ z + ¥ 2 _ o pc
AFI [% = = i &3 < 3
(%] d a 2 o
z z
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Fatigue limit solution today

In fatigue solvers:

commercial non-commercial |validation on 407 exps.
Fatigue limit © = w . _ o
estimation tools in | = @ = |? w 5= L @ = o e o
. . o L = o2 @ |Z®w| = o <I S S c
available fatigue @ L E 15| = E S| 2 = P =0 = ==
solvers - E “ |38 i ® i =% |3 | = £ w2
= = =
Dang Van (1973, 1989) X X X X X X X X X 0.1% 12.2%
Findley {1957} X X X 8.7% 15.2%
McDiarmid (1991, 1994) X X X X -6.2% 12.0%
Sines (1959) X X -4 3% 17.9%
Matake (1977) X X 6.4% 15.8%
proprietary solution X X

= AFI —relative error between predicted and experimental fatigue limit
= AFI=0 ideal
= AFI>0  conservative
= AFI<0 non-conservative

[ |
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FatLim Database

Presently: www.pragtic.com/experiments.php
Select kest group... JOMCD1E ;I
. Bai 3ONCD16
451 experlments Helect test geerl ggmgg}g
B D Select material:
. EMM
18 calculation methods i _
FE; | 42Crtod hd
Statistic evaluation of the
1st axial channel (Ax1) 2nd axial chammel (Ax2) torsion channel (To)

0-no load -
T en-tengsion-compression
FB-plane bending
FB-ratating bending
TP-tangenhal stress [pres&urlzmd

the selected conditions wwee = s— b3
Amplitude: | ;” ]MF’a _I | _" |HF'a ;I | ;” |MF'a _v]

0-no load -

fatigue index errors for

Apply loads:

avallable Axl v, Ax2 Ax2v.Te Tov. Axl
Fhase shift: I d ii degrees > " degrees I hd II degrees
Bewa re: Had to be ™ Select asynchronous loading only

replaced by newer and s.ale.:t T
an again the explanation which calewlation method is
defined i which way. If you are interested in the
bette e h ecC ke d FA DO F F Fesults of descroption of individual methods, download the
Methods: Eﬂn&cri::izdevan PragTic Help (avalable free without any
e regtsl:mtmn) where a description of methods and
d ata ba Se even of thewr implementation into PragTic can be

found.
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Dang Van criterion

35%

ap, C,+by, O 5 max </

a

Dang Van, 403 tests from 407

30%

25%

Critical plane criterion

20%

The most often used representative of

15%

multiaxial criteria

Relative occurence

10%

Use of maximum hydrostatic stress

does not seem to give acceptable
results

Conservative: MS, Ax+Ax e
Non-conservative:
average: -0.1%
range: 92.9%
MS,To

standard deviation: 12.2%

e |
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Weakness of Dang Van method

Hard to believe: multiaxial fatigue

v relative difference between predicted
Mean values of AFL in individual groups (tests)  CRO o and experimental fatigue limit
All (407} —8.0 -0 ]
nMs (171) -31  -06 | no mean stress, out-of-phase loading
nh50F (40} —-115 i3
AMSIF(131) -i= 7" no mean stress, in-phase loading

" There is a significant difference in mean
prediction values depending on the phase shift
of individual load channels
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Manson-McKnight

So simple, that it can be computed in MS Excel
IThe cycle has to be detected a priori!

Amplitude and mean value of each stress
component is evaluated:

1 q
O-a = \/E [(O-x,a B O-y,a )2 + (O-y,a B O-Z,a )2 + (O-Z,a B O-x,a )2 + 6(T§y,a + Z-jz,a + Z-zzx,a )

" , 1 '
O-m = Sign [Il,d ] \/5 [(O-x,m o Gy,m )2 + (O-y,m o O-Z,m )2 + (O-z,m — O-x,m )2 + 6(T§y,m + T)%z,m + 7“-sz,m )

The mean equivalent value is sighed according
to the stress tensor invariant with biggest
magnitude
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Manson-McKnight - Results

Not that bad as by signed von Mises

Many evaluated classes of experiments with conservative mean
value (To; nMS-OP; Ax+To; brittle materials)

= Ax+Ax with phase shift — rson MIMIK, 404 tests from 407,
dangerously non- 0% - Dang Van, 403 tests from 407
conservative (mean 35% v |
value AFI=-17.2% !) : j:j S

= In evaluation of § 20%
individual classes is the £ 15w
Dang Van method " 0
better, but fails in mean Zj
stress effect BRI IILRL2LRLY

AFI[%]

R |
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MMK versus Dan

DV — Dang Van critical plane method (1974)

g Van

MMKF —Manson-McKnight according to Filippini (2010)

MMK not to be used

for

brittle materials

MS,Ax+AX,
PS<>0

out-of-phase
loading

MMK useful for

pressure vessels

MS,Ax+Ax,noPS

The difference is not

big overall!

AFlin individual groups
(tests)

Mean values

Range

Standard deviation

o

MMEF

Diff

all (407)

nMS (171)

nMS,0P (40)

nMS,IP (131)

M5 (236)

MS,Ax (41)

M5, To (18)

M5, Ax+Ax (36)

M5, Ax+8x,noPS (18)

M5, Ax+Ax, P5<=0 (18]

Ax+To (285)

MS,Ax+To (114])

M5-Ax, Ax+To (52)

MS5-To, Ax+To (31)

ductile (352)

ductile,nhs (118)

ductile,nkAs,IF (8]

brittle (37)

brittle, nh5(35)

brittle,nMs,IP {29)

extra-ductile (18]

extra-ductile,nf5,IP (18]
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fatigue limit estimate

New results — AFl In

New MMP model — equivalent stress, no PragTic, just pure Excel solution!
Published in International Journal of Fatigue, 2017

L average range standard deviation
Abbrev. Description items |MMP_IMMKE TPCRN
All All data items 307 -1.6%| -1.1%| 1.6%
MS some mean stress applied 183] -1.9%| -5.0%| 1.8%
MS- negative mean stress applied 22| 5.2%| 0.1%] 4.4%
nMs- Without cases with negative mean stress 285 -2.1%| -1.2%| 1.4%
nMS no mean stress applied 122] -1.0%| 4.8%| 1.6%
brittle brittle material with kappa < 1.3 34 -4.3%| 9.7%| 2.9% . . .
brit,nMS brittle material without any mean stress applied 19| -5.8%| 12.0%| 0.4%| 0.3%| 24.2%| 32.5%|21.1%| 41.2%| 6.2%| 8.8%| 4.9%| 9.5%
ex-duct extra-ductile material with kappa > sgrt(3) 43| -7.7%| -13.3%| -4.1%| -16.8%| 46.1%| 57.1%| 45.9%| 60.4%| 11.6%| 15.0%| B8.5%| 15.7%
ed,nMS extra-ductile material without any mean stress applied 10| -5.4%| -7.2%|-4.6%| -5.8%| 39.4%| 38.1%|45.9%| 49.8%| 12.7%| 12.6%| 14.1%| 15.8%
ed,2A extra-ductile material with multichannel loading 18] -10.9%| -13.6%| -5.8%| -15.2%| 46.1%| 52.5%| 45.9%| 54.4%| 13.8%| 14.3%| 10.
AT interaction of axial and torsion loading 203 -3.19%| 2.1%| 1.8%| -3.0%| 67.2%| 83.2%| 67.7%| 86.0%| B8.6%| 12.6%| 7.9%| 13.9%
PAT proportional interaction of axial and torsion loading 106] -2.5%| 2.3%| 1.3%| 0.4%| 54.3%| 67.1%| 55.5%| 85.3%| 7.2%| 10.7%| 6.4%| 11.2%
P,AT,MS proportional interaction of axial and torsion loading - with mean stresses 11] -14.3%]| -18.9%| -6.4%| -23.7%| 25.4%| 26.6%| 25.4%| 37.2%| 7.6%| 10.1%| 8.0%| 12.6%
NP,AT non-proportional interaction of axial and torsion loading 96| -4.1%| 1.5%| 2.2%| -7.0%| 49.9%| 75.0%| 60.8%| 76.3%| 9.1%| 13.9%| 9.0%| 15.4%
NP,AT,MS |non-proportional interaction of axial and torsion loading with MS 70| -4.9%| 0.5%| 3.5%| -6.1%]| 49.9%| 75.0%| 40.8%| 76.3%| 9.3%| 14.8% 8.5%-
NP,AT,nMS |non-proportional interaction of axial and torsion loading without MS 28] -2.0%| 3.8%|-1.3%| -9.2%| 39.4%| 51.6%|45.9%| 58.2%| 8.1%| 10.4%| 9.2%| 13.2%
NP,IP,AT  |non-proportional in-phase interaction of axial and torsion loading 12| -4.3%| 2.5%| 5.3%| -0.4%| 28.0%| 34.7%|15.9%| 32.9%| 7.2%| 8.4%| 4.1%| 9.0%
NP,OP,AT |non-proportional out-of-phase interaction of axial and torsion loading 51| -5.1%| 1.0%|-0.9%|-12.8%| 46.1%| 56.5%| 48.3%| 62.3%| 9.5%| 11.3%| 8.6%| 13.8%
2-3A interaction of two axial and potentially also torsion load channels 39 6.4%| -9.3%| 2.19%| 12.1%| 58.4%| 49.4%| 29.4% 10.1%| 6.3%] 15.1%
2A interaction of two axial load channels 18| 10.0%|-12.7%| 0.8%| 7.5%| 56.2%| 37.1%|17.7% 9.9%
IP in-phase loading (load path intersecting the <0,0> point) 104 -2.7%| 1.8%| 1.1%| 0.4%| 54.3%| 67.1%| 55.5%| 85.3%| 7.1%| 10.8%
IP,MS in-phase loading (load path intersecting the <0,0> point) 12| -13.7%| -18.6%| -5.9%| -18.9%| 25.4%| 26.6%| 25.4%| 74.5%| 7.5%| 9.7%
IP,nMS in-phase loading without any mean stress applied 92| -1.3%| 4.4%| 2.0%| 3.0%| 45.1%| 59.5%| 55.5%| 65.6%| 5.7%| 7.6%
IP,nMS,s in-phase loading without any mean stress applied and prevalent axial stress 49] -0.5%| 1.7%| 1.5%| 2.2%| 31.5%| 36.3%| 30.5%| 35.5%| 5.0%| 5.3%
IP,nMS,t in-phase loading without any mean stress applied and prevalent torsion channel 43] -2.3%| T.1%| 2.4%| 3.6%| 37.5%| 52.8%| 46.8%
M, Ax axial loading only {with mean stress involved) 22| -1.3%| -2.8%| 1.2%| -5.8%| 54.7%[}1383% 33.0% | J10418%)| 10.1%
M5, To torsion loading only (with mean stress invalved) 21| -2.9%| -14.9%| -0.8%| -18.4%| 34.8%| 72.6%| 42.0%| 39.9%)
OP out-of-phase loading 77| -2.7%| -2.6%| 0.2%| -3.3%| 67.2%| 74.7%| 56.5%| ¥8.6%| 11.4%| 13.2%
OP,nMS out-of-phase loading without any mean stress applied 28| -0.9%| 5.2%|-0.7%| -8.8%| 60.5%| 68.8%| 56.5%| 58.2%| 10.5%| 12.6%
QP,MS out-of-phase loading with some mean stress applied 49 -3.7%| -7.0%| 0.8%| -0.2%| 66.6%| 48.3%| 28.2%| 7&8.6%| 11.7%| 11.4%| 6.
OP,MS,AT  |out-of-phase loading with some mean stress applied, axial-torsional load cases only 24] -B.4%| -2.3%| 0.0%|-16.3%| 38.2%| #47.4%| 28.2%| 45.6%| 9.8%| 11.1%| 7.8%| 13.8%
OF,MS,2A  |out-of-phase loading with some mean stress applied, bi-axial load cases only 9| 3.3%| -17.3%| 2.19%| 13.2%| 53.2%| 37.1%| 14.4%| 39.4%| 14.8%| 11.0%| 4.2%| 14.6%
OP,MS,3A  |out-of-phase loading with some mean stress applied and triaxial load states 16| -0.6%| -8.3%| 1.29%| 16.4%| 31.8%| 26.9%| 15.6%| 37.1%| 9.0%| 7.2%| 4.0%| 9.7%
I |
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Crossland criterion

dc - (\/ J, )a +Dc Oy < - =

30%

Crossland, 400 tests from 407

IDS type, simple calculation

Fascinating range in comparison to

the Sines’ version

Relative occurence

Significantly non-conservative mean

value, high standard deviation

Non-conservative:
nMS,OP

AFI[E6]

MS average: -8.0%
range: 64.9%

standard deviation: 11.4%
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Papuga PCr criterion

l_
a -C>+b -|N,+ N _ |<f,

2 4 2
K’<\/ZEI.155 Lg = TR
3 2 2

xzle.lss : ac:( 4 jz, bczgf_ﬂfz(4—2’f2)
. 4+ K (44 x2)

bc =f—1

B critical approach of MD type

B different definition ofaand b
parameters based on [ value is the
output of the mathematical analysis

B Published in IntJ Fat 1/2008
Non-conservative for MS,To

B Available in PragTic fatigue solver

5%

PapugaPCr,
all tests

30%

25%

20%

15%

Relative occure nce

10%

0% -

oo non W non o wn i
T e T T = T e R S S T
)

[aal Laal (o] [} — - ' — — ™ Ty e
||||||

AFI[%8]

average: -0.5%
range: 37.4%
standard deviation: 6.1%
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PCr vs. PCrN (available now in PragTic)

The change affects AFlin individual groups Mean values Range Standard

(|V|S TO) group in the (tests) PCr | PCrN| Diff | PCr |PCrN| Diff | PCr |PCrN| Diff
V4

mean value and shifts JA!l (407) ) 1 2) 37) 31f 6) 6] S| -1
. he rich nMS (171) 1 1] ol 23] 23] o 4] 4| o
It to the right nMS,OP (40) ol o ol 23] 23 6] 6] o
position. nMS,IP (131) 1 1 o1 17] 1o S 3 3 0
MS (236) a2 3] 371 31 8] 7l ep -2
(MS,Ax) and (MS,Ax+AX) Tvis ax (a1) 2 2 33| 241 o 7| 5| -2
and derived groups  |Ms,To (18) 8 -2 17] 16| o] 5[ 4]
: MS,Ax+Ax (36) 4] 4 32 20 22 7] 5| =2
are also |mProved A5 IMS. Ax+Ax.noPs (18) 4] 4 25| 19] 5] 8] 6] -2
regards their scatter. [ms,Ax+Ax, PS<>0 (18) al 4 271 15| -aa] 7| 4] 5
They are uniformly  [Ax+To (285) 1| 2l 1l 36| 31 4] sL51 o
_ MS,Ax+To (114) 1l 2 1] 36| 311 -4 6] 6] o
shifted to over- MS-Ax, Ax+To (52) o 3 28] 311 3| 6] 6] o
conservative mean MS-To, Ax+To (31) 3 3 0] 24| 19 -5 5 5 0
values ductile (352) a2 2 371 31 6] e 5] -1
' ductile,nMS (118) 1l 1] ol 221 22| o a4 4| o
The effect on (MS, ductile,nMS, IP (86) 2l 2 ol 1a] 14| of 3| 3| o
. brittle (37) ol -1l o] 17| 17| of 4] 4] o
Ax+To) group is not brittle, nMS(35) 1 E G Y Y ) B
so pronounced. brittle,nMS,IP (29) 2 2 o of of of 2 2 o
. extra-ductile (18) 2 2 of 121 12 0 3 3 0
Unpublished yet extra-ductile,nMS, IP (16) 3 3] o| 12| 12| of 3| 3| o

I |
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PCr in finite life estimation

. D:;ns Van Fin&leyu
Low-cycle fatigue » : S - _
40 40 N
(<50000 cycles) g 5y ) |
> 20 orrm 5 20 = -
commercially used = U { H = Tl .
th d h b -40-30-20-10 0 10 20 30 40 50 -40-30-20-10 0 10 20 30 40 50 )
methods have bigger AT AT
scatter there than PCr MecDiarmid MSSR Crossland
50 50 -
S 40 - 40 _
c ] 3]
Dang Van method shows g 3¢ e 30 -
o 20 5 20 ] .
o ||
another peak around =10 e -T_ g 10 B -
0 ﬁ—l.—_ —I_ [ Y e I_—|— — ]
AF|=—8% -40-30-20-10 0 10 20 30 40 50 -40-30-20-10 0 10 20 30 40 50
AFI AFI
PCR PQ
50 50 _
- 40 = - 40 |
Only unnotched 2 30 . S 30 7] ]
i S 2 - S 20 i
specimens g 1w 7 8 10 =1 | H .
0 = 0 = —
evaluated -40-30-20-10 0 10 20 30 40 50 -40-30-20-10 0 10 20 30 40 50 }_
AFI AFI
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Multiaxial Methods
for Limited Lifetime

R
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ISocie et al.

1E+7 7 | | |1 1] | | | |
] —XCR |} . . - - - . .
_neps [Loocteonginal FHx 0 BT, | *+ Combination of two
—0—CRS i .
SGL f calculation methods — each
1E+6 5 .
; "‘D TBL related to different mode of
—+PRO crack initiation
—O— CRC
% 1Ees * Only the shear or tensile
ZO
e variant used in some cases
1Er y"
- B ’
o"j’ //’ <O 1 O-n max Tf b ’ c
. v, | 1+k, - = = -(2N)’+y, -(2N)
0"0 ‘.“" y
1E+3 o l ‘ T,
1E+3 1E+4 1E+5 1E+6 Az
Ny [ 2
O-f 2b ’ ’ b+c
O-n,max.gna = E (2N) +O—f '8f (2N)
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Brown — Wang v. ‘93

m Shear strain decisive

m The normal strain range
present in the shear
strain cycle is derived

m Originally MSSR criterion
m Allowed MD in PragTic

m Mean stress effect
enabled (modification of the
Basquin formula)

m Material parameter S set

fromt, f,values (but
authors prefer setting by fit to
experiments)

Strain-Life Fatigue Analysis — DUZ@ TUL, 2018, Lecture #4

A
Sy” Brown & Wang Kim, Park & Lee
max A C H
: ymax
|
X AR
/N & \p & E SN
B\ ' 7 ~1 '
a0 A
LY/ "

<— half-cycle —>:<— half-cycle »

A7/ —_ A7/1’118.X

2

+S-€
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IResuIts of W&B Criterion

Ncalc[ ]

1 E+7 T T I I I } } } } 1 E+7 I I [T T 1T } } } T T id /V

. — = XCR ¥ *

H —O—XCR WB93v.MD | WB93v.MD,KPL | |[ x 10 71)(—_3":\ /

| —A—EPS —/—EPS F ] 4k

| —o—CRS —O0—CRS K x 3

[} ’0 |

SGL SGL "“‘ ’0’ / ‘.'

1E+6 RBL o 1E+6 - —— RBL ] o ‘.‘ ‘¢.> .

[ y = ry S

H —a—L oL - * | x 10

H PRO o . —+—PRO KN = /;'&‘DJ L

—— -~ 0 o * | K
[ K| . y .“‘ 04»’ a‘ "
|| —o—CRC o /4 —0—CRC . o .‘4» K% ,
o /.0 o . / B ,
Od . o g ¢
1E+5 ST = 1E+5 o > »
o » 3 R * +
” z o - “ o
,O; /B 1er | K '
o * . K0 3
"‘ }; / - . ,“‘ A// " '0. o+
+4 ",l o {:] ot '.. » - D &
5 o’ K . * o
1E+4 0”‘ o o B * 1E+4 Kl ..“. 3
K ..+ “' / o 4
+* T * o / o
* 1 ‘.,‘ R ..‘ R
»* / "“ %3 > 0O o
L < o
o" "c‘ ““‘
L4 = p o
e | ? defining S(N) 2 7+
1E+3 1E+5 1E+4 1E+5 1E+6 1E+7
Ny [ | Nyep [

MSSR versions

non-conservative for the S derived from
fatigue limits

large scatter for S fitted to mean LLR O

I
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MD versions

better scatter (KPL method wins)

obvious trend from conservative
prediction in HCF to non-conservative
prediction in LCF visible even here
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