TR . .
mmEmcmmm  Chapter 9. Fatigue of Materials:

EEEEENE B .
TTITTT [ Introduction and Stress-Based Approach
H EEETEEN
THEEEEEEEN
BEEE B BEE - Seoul National University System Health & Risk Management
EENEEEEENE B

2018/8/9 Seoul National University



2018/8/9

CHAPTER 9 Objectives EG’IW

Explore the cyclic fatigue behavior of materials as a process of
progressive damage leading to cracking and failure

Fatigue trends for variables such as stress level, geometry, surface
condition, environment, and microstructure

Review laboratory testing in fatigue, and analyze typical test data to
obtain stress-life curves and evaluate mean stress effects.

Apply engineering methods to estimate fatigue life, including the effects
of mean stress, multiaxial stress, and variable-level cyclic loading

Evaluate safety factors in stress and in life.
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Fatigue Failure: de Havilland Comet disaster EG’W
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* Three de Havilland Comet passenger jets broke up in mid-flight and crashed within a few months in
1954.

* The failure was a result of metal fatigue in the airframes caused by the repeated pressurisation and de-
pressurisation of the aircraft cabin.

* Unlike drill riveting, the imperfect nature of the hole created by punch riveting caused manufacturing
defect cracks which may have caused the start of fatigue cracks around the rivet.

* The stresses around pressure cabin apertures were considerably higher than anticipated, especially
around sharp-cornered cut-outs, such as windows.

* Systematic tests were conducted on a fuselage immersed and pressurised in a water tank.

Forward ADF |
aerial ‘window’ |

*http://en.wikipedia.org/wiki/Fatigue_(material)
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9.1 Introduction — What is Fatigue? éblm

L T [ I
R SR

* Purely static loading is rarely observed in modern engineering
components or structures. The majority of structures involve parts
subjected to fluctuating or cyclic loads.

 Such loading induces fluctuating or cyclic stresses that often lead to
microscopic damage to the materials.

« Accumulated microscopic damage develops into a crack or other
macroscopic damage that leads to failure of the structure by fatigue.

o Tt Omax
0 AG time
Oa
l Omin
one cycle
Figure 9.2 Figure 9.16
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9.1 Introduction — What is Fatigue? Sk
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* From 80% to 95% of all structural failures occur through a fatigue mechanism.

* For centuries, it has been known that a piece wood or metal can be made to
break by repeatedly bending it back and forth with a large amplitude. However, it
came as something of a surprise when it was discovered that repeated loading
produced fracture even when the stress amplitude was apparently well below the
elastic limit of the material (or ultimate strength).

< The Stress-Strain Curve and S-N Curve for 7075-T6 Al>

©
60 7 =414Mpa e = |
"E“ _qu g075-T6 Al
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g The stress below e]astic 5 4N
S 5ol limit or ultimate strength £ i
@ 100 |
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£, slram
Figure. Representation of uniaxial stress-strain Figure 9.4

relationship for 7075-T6 aluminum alloy*
* http://www.afgrow.net/applications/DTDHandbook/examples/pagel_1.aspx

2018/8/9 Seoul National University



9.1 Introduction — History of Fatigue E®m
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* 1In 1837, Wilhelm Albert published the first article on fatigue, establishing a
correlation between applied loads and durability.

* 1In 1839, Jean-Victor Poncelet, designer of cast iron axles for mill wheels, officially
used the term "fatigue" for the first time in a book on mechanics.

* In the 1850s, August Wohler initiated the development of design strategies for
fatigue and identified the importance of cyclic and mean stresses.

<>

e

Figure. Albert's fatigue tests of mining chains, sketch

*http://www.atzonline.com/index.php;do=show/site=a4e/sid=GWV/alloc=38/id=61/special=Special+Simulation
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9.4 Fatigue Testing EQ'“
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Figure 9.11 Rotating cantilever beam fatigue Figure 9.12 The R. R. Moore rotating beam
testing machine used by Wohler. fatigue testing machine
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< Principle of fatigue testing machine>
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9.1 Introduction - ﬁ
3 major approaches analyzing fatigue failure .-

e Stress-based approach (Chapters 9-11)

— Analysis based on the nominal (average) stresses in the affected region of
the engineering component.

— The nominal stress that can be resisted under cyclic loading is determined by
considering mean stresses and by adjusting for the effects of stress raisers,
such as grooves, holes, fillets, and keyways.

» Strain-based approach (Chapter 14)

— More detailed analysis of the localized yielding that may occur at stress
raisers during cyclic loading

* Fracture mechanics approach (Chapter 11)

— Specifically treats growing cracks by the methods of fracture mechanics
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Stress-based approach E®W

The stress-life, or S-N method was the first approach used in an attempt
to understand and quantify metal fatigue.

The basis of the stress-life method is the Wéhler or S-N diagram, which is
a plot of alternating stress, S, versus cycles to failure, N.

The most common procedure to obtain S-N data is the rotating bending
test (R. R. Moore test).

If S-N test data are found to approximate a straight line on a log-linear
plot (or log-log), those can be fitted to obtain a mathematical
representation of the curve.
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Stress-based approach EG’W

One of the major drawbacks of the stress-life approach is that it ignores
true stress-strain behavior and treats all strains as elastic.

The simplifying assumptions of the S-N approach are valid only if the
plastic strains are small.

At long lives most steels have only a small component of cyclic strain
which is plastic (in some cases it is effectively too small to measure) and
the S-N approach is valid.

The stress-life method does not work well in low-cycle applications,
where the applied strains have a significant plastic component. In this
range a strain-based approach is more appropriate.
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9.2.1 Description of Cyclic Loading Sk

Sty et A
[ AR ER T R b

—f 1 Omax c Omax
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i }

Tension — Tension Loading

Copyright ©2013 Pearson Education, publishing as Prentice Hall

Figure 9.2 Constant amplitude cycling and the associated nomenclature. Case (a) is completely
reversed stressing, o, = 0; (b) has a nonzero mean stress 6,,; and (c) is zero-to-tension stressing,
omin = 0.
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9.2.1 Description of Cyclic Loading EQWI
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9.1) o, = Ao _ Omax — Omin 5. — Omax T Omin
' @2 2 m 2
(9.2) Omax = Om T Og4 Omin = Om — Oq
(9.3) StressRatio, R = ::m—‘” Amplitude Ratio, A = ::—a -> Describing Cyclic Loading
max m
A6 Opmax Omax 1-A 1—R
: O, = = 1—R Om = 1+R) R=— A=——
(94) Oa=—=—"0A-R) om=""{+R) k=177 1+R
(6] _T__ Omax Omax = AC
(¢] —¢—
0 AG it . . ji .
|*<‘ one cycle 9
om =00rR=-1 Omin =00rR =20
< Completely Reversed Cycling> < Zero-to-Tension Cycling>
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9.2.2 Point Stresses vs. Nominal Stresses %W

Stress at a point, o Nominal or Average stress, S

- Actual stress occurred at a point - Calculated stress from force or moment or their
combination as a matter of convenience and is
only equal to o in certain situations

-> Simple Axial Loading -> Complicated Bending, notched member (except
where it is truly appropriate to use o)

y 3 M
‘ f el ) S:WP Y ™ ” oM i .
o 7 ’ . 1 G A W d (yielding)
@ |§| ' X (b) —[:lcy X 0 — x 0 X
: e RN AN
' N
Elastic Stress Concentration T
TP AL —— Actual Stress distribution (o)
- & (vielding) — — — Hypothetical Distribution
! (associated with nominal stresses S)
(©) o B
—ld . .
. Figure 9.3 Actual and nominal stresses
| X . . .
l 0 for (a) simple tension, (b) bending, and (c)

a notched member.
<Elastic Behavior> <Plastic Behavior>
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9.2.3 Stress Versus Life (S-N) Curves EQWI
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The results of tests from a number of different stress levels may be
plotted to obtain a stress-life curve, also called an S-N curve.

On the linear plot, the cycle numbers for the shorter lives cannot be read
accurately.

I I ] T f||||||| T ||||7’|| T |T||T[|| 1 T TTTTIT 50

" Zero mean stress
. L o

o 300 @  No stress raiser 300 (b)
& g7\ 6 Al i |
=
<EE 200 ] 200 S O —430
% = O ksi
£ - 7075-T6 Al
7] i | 1 S =0 _ _ 120
& 100] Inear scale ol ¥='  Logarithmic scale

| | | L gl Ll pul Lo Lliin 10

0 10 20 30 40x106 104 105 106 107 108
Ns, Cycles to Failure N;, Cycles to Failure

Copyright ©2013 Pearson Education, publishing as Prentice Hall

Figure 9.4 Stress versus life (5-N) curves from rotating bending tests of unnotched specimens
of an aluminum alloy. Identical linear stress scales are used, but the cycle numbers are plotted
on a linear scale in (a), and on a logarithmic one in (b). (Data from [MacGregor 52].)
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Figure 9.5 Rotating bending S-N curve for unnotched specimens of a steel with a distinct fatigue
limit. (Adapted from [Brockenbrough 81]; used with permission.)




9.2.3 Stress Versus Life (S-N) Curves Sk
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o 250 MPa 9.5) Log-linear plot, 6, = C 4+ DlogN
o failure a f
. ?tgsfta g‘tJorgped)
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< (9.6) Log-log plot, o, = ANfB

600 —

S,, Stress Amplitude, MPa

500 - Sm=0
(rot. bend) 70
wl  Seen-eemes (9.7) Different Log-log plot, 6, = o (2Ny)"
10° 1<I)“ 1;5 1(I)6 1;7 10550
N, Cycles to Failure (9'8) A — Zb()-],f-‘ B — b
Figure 9.5
O = 0}(2]\,‘&)'h = ANfB
Material ov} A b=B8B
) (a) Steels
Table 9.1 Constants for stress-life curves for SAE 1015 1020 927  —0.138
various ductile engineering metals, From Nl £aed) e I s
tests at zero mean stress on unnotched axial Man-Ten 1089 1006  —0.115
specimens (hot rolled) (158)  (146)
RQC-100 938 897  —0.0648
(roller Q & T) (136) (131)
SAE 4142 1937 1837  —0.0762

(Q& T, 450 HB)  (281)  (266)

2018/8/9 Seoul National University



1
R SR

Endurance Limit

[Cuirve &)

Stress Amplitude, S
[0)]
1]

Fatigue Strength at Ny Cycles
[Cuirve B)

I
I
I
I
1
1

N

107 10 108 108 107 108 109

Cycles to Failure, N

* B, Fatigue Strength
— A stress amplitude value from an S-N curve at a particular life of interest.

* A, Endurance Limit, S, (or o,,,, Fatigue Limit) for most steels

— If the applied stress level is below the endurance limit of the material, the
structure is said to have an safe and infinite life.

— The endurance limit is due to interstitial elements, such as carbon or

nitrogen in iron, which pin dislocations. This prevents the slip mechanism
that leads to the formation of micro cracks.
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9.6.1 Trends with Ultimate Strength Sk
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o, Ultimate Tensile Strength, MPa

Copyright ©2013 Pearson Education, publishing as Prentice Hall

< Endurance Limit Related to Ultimate Strength>
Se = 05x%xS, for S, <200ksi =1379Mpa
Se = 100ksi for S, > 200ksi

-> A reasonable degree of ductility is helpful in providing resistance to cyclic loading.
-> Too high-strength materials can lead to fatigue failures.
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Figure 9.6 Stress—life curve and the stress
amplitude and number of cycles expected in
actual service, o, and N, giving safety factors X, in
stress and X, in life.

G, Stress Amplitude

Ns, Cycles to Failure

Copyight 2072 Pissan Educaton pubiahing.

(9.9) The safety factor in stress, Xg = ;—‘:, (Ne= N)
(9.10) The safety factor in life, Xy = %, (0, =0,)
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9.3 Sources of Cyclic Loading Sk
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* Some practical applications involve cyclic loading at a constant amplitude,
but irregular load versus time histories are more commonly encountered.

Loads Characteristics
Static loads Do not vary and continuously present
Ex) Highway bridge, The always-present weight of the structure and roadway
Working loads Change with time and incurred as a result of the function performed by the
component

Ex) The weight of vehicles, forces due to inertia

Vibratory loads Relatively high-frequency cyclic loads from environment or as a secondary effect of
the function of the component

Ex) tires interacting with the roughness of the roadway, bouncing of vehicle, wind
turbulance

Accidental loads Rare events occurring under abnormal circumstances
Ex) Vehicle accident, Earthquake

* Working loads and vibratory loads are the cyclic loads causing fatigue
failure. However, the damage due to static loads and accidental loads
also plays an additional role.

2018/8/9 Seoul National University
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9.3 Sources of Cyclic Loading EQ'“
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Figure 9.7 Sample record of stresses at the steering knuckle arm of a motor vehicle, including
the original stress—time history (a), and the separation of this into the vibratory load due to
roadway roughness (b) and the working load due to maneuvering the vehicle (c). (From
[Buxbaum 73]; used with permission; first published by AGARD/NATO.)
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9.5 The (Microscopic) physical Nature of Fatigue Damag@m
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When viewed at a sufficiently small size scale, all materials are
anisotropic and inhomogeneous. ("." grain, crystal plane, voids, particles)

As a result of nonuniform microstructure, stresses are distributed in a
nonuniform manner when viewed at the micro size.

Regions where the stresses are severe are usually the points where
fatigue damage starts.

Figure 9.16 Photographs of broken 7075-T6 aluminum fatigue test specimens:
unnotched axial specimen, 7.6 mm diameter (left); and plate 19 mm wide with a round
hole (right). In the unnotched specimen, the crack started in the flat region with slightly
lighter color, and cracks in the notched specimen started on each side of the hole.

Seoul National University



9.5 The (Microscopic) physical Nature of Fatigue Damaggébm
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* For ductile engineering metals, crystal grains that have an unfavorable
orientation relative to the applied stress first develop slip bands.

* Additional slip bands form as more cycles are applied until saturation
level.

* Individual slip bands become more severe, and some develop into cracks
within grains, which then spread into other grains, joining with other
similar cracks, and producing a large crack that propagates to failure.

. . s

7 L I
= / & | ~ N N
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| i< 1 3 ANy

jL - s 1y ¢ / 4 / ;

Iy
/ i / ' /
» / y 4 { / ; fi
5 . { 4 f J 4 Fi ! pl
P / . / / J 1
. [} 4 4 / 4 f ~ /

N=0 104 2x104 6x104 105 2x105

o, = 137 MPa, N; = 1.1 x 10° Axial direction <+—» L

Axial direction

Figure 9.17 The process of slip band damage during cyclic loading developing into a crack in an
annealed 70Cu-30Zn brass.
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9.5 The (Microscopic) physical Nature of Fatigue Damag@m
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* For materials of somewhat limited ductility, such as high-strength metals,
the microstructural damage is less widespread and tends to be
concentrated at defects in the materials.

* A small crack develops at a void, inclusion, slip band, grain boundary, or
surface scratch, or there may be a sharp flaw initially present that is

essentially a crack. This crack grows in a plane generally normal to the
tensile stress until it causes failure.

N=0 6x 104 8x 104 9x 104 105 1.2 x 105 1.4 x 105
G, = 147 MPa, Ny » 4 x 105 Avial direction «— S0 B™,

. - s

Crack Started from the inclusion Figure 1.8 Development of a fatigue
Figure 9.18 Fatigue crack origin in an crack during rotating bending of a
unnotched axial test specimen of AISI 4340 steel precipitation-hardened aluminum alloy.
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Excavator and Its Main Components Sk

Sty et A
[ AR ER T R b

=2 78 §=(Crawler)

Counter Engine Radiator C/Valve Cabin Boom Front Cyl.
Weight Qil cooler '

Main Pump

Main
Frame

Travel
Motor

Arm

Qil & Fuel
Tank

Bucket

Swing

Motor
Track .
Frame Upper Lower Swmg
Roller Roller |dler Ass’y Shoe Ass’y Bearing

2018/8/9

Seoul National University



sl

Sty et A
[ AR ER T R b
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4. Failure Analysis Review Sheet

Failure Analysis Sheet
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4. Failure Analysis Review Sheet
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< Material of Ductility> < Material of Limited Ductility>

Figure 9.19 Stress—life curves for completely reversed bending of smooth specimens, showing

various stages of fatigue damage in an annealed 99% aluminum (1230-0), and in a hardened
6061-T6 aluminum alloy.
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Tensile Direction

Figure 9.21 Fracture surfaces for fatigue
and final brittle fracture in an 18 Mn steel

: ¥ -
E’ \"@a member.
5 > <Beach marks (the process of crack)>

(1) Growth rate change due to altered
stress level, temperature, chemical
environment

(2) Discoloration due to corrosion

<Shear lip>

- Ductile material forms a shear lip,
inclined at approximately 45 degrees
to the applied stress
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9.5 The (Microscopic) physical Nature of Fatigue Damag
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<Striations>
| 2.cm j - Ductile material often reveals
G e o e marks left by the progress of
the crack on each cycle.
Figure 9.21 Fracture surfaces for fatigue Figure 9.22 Fatigue striations spaced
and final brittle fracture in an 18 Mn steel approximately 0.12 um apart, from a
member. fracture surface of a Ni-Cr-Mo-V steel.
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9.6 TRENDS IN S-N CURVES %ﬂl

* S-N curves vary widely for different classes of materials.
* The higher the S-N curve -> the more resistant to fatigue

— 8
No Endurance Limlt
o 50 For Nonferrous metals
I .
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Figure 9.23 Stress—life curves from cantilever bending of mineral and glass-filled thermosets
(solid lines) and unfilled thermoplastics (dashed lines).
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9.6.1 Trends with Ultimate Strength Sk
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< Endurance Limit Related to Ultimate Strength>
Se = 05x%xS, for S, <200ksi =1379Mpa
Se = 100ksi for S, > 200ksi

-> A reasonable degree of ductility is helpful in providing resistance to cyclic loading.
-> Too high-strength materials can lead to fatigue failures.
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9.6 TRENDS IN S-N CURVES E%W

Factors lowering the S-N curve Factors raising the S-N curve

- Reduce the value of endurance limit Increase the value of endurance limit

- Shorten the life - Extension of the life
- Lowering the fatigue strength - Raising the fatigue strength
- High-strength material - High ultimate strength
(limited-ductility material) - Compressive mean stress
- Tensile mean stress - Dense network of dislocations
- Stress raisers (notches, high stress - Processing without decreasing the
concentration factor k,) ductility (cold rolling, shoot peening,

- Harsh environment (high temperature, carburization)

salt solution, moisture and gases in air)

- Micro defects (larger size of inclusions
and voids, larger size of grains
(annealing))

Chapter Later on
S, =C,C,C,C,C.S, (Moore endurance limit)

Seoul National University



9.6.1 Trends with Mean Stresses EQWI
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Figure 9.26 Axial loading S-N curves at various mean stresses for unnotched specimens of an
aluminum alloy. The curves connect average fatigue strengths for a number of lots of material.
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9.6.1 Trends with Member Geometry EQWI
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Figure 9.27 Effects of notches having k, = 1.6 and 3.1 on rotating bending S-N curves of an
aluminum alloy. (Adapted from [MacGregor 52].)
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9.6.2 Effects of Environment EQIW
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Figure 9.28 Effect of a salt solution similar to seawater on the bending fatigue behavior of an
aluminum alloy. (Data from [Stubbington 61].)
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9.6.2 Effects of Environment EQIW
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Figure 9.29 Temperature and frequency effects on axial S-N curves for the nickel-base alloy
Inconel. (lllustration from [Gohn 64] of data in [Carlson 59]; used with permission.)

* cpm: harsh condition cycles per minute
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9.6.3 Effects of Microstructure EQWI
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Figure 9.30 Influence of grain size and cold work on rotating bending S-N curves for 70Cu-30Zn
brass. (From [Sinclair 52]; used with permission.)
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Grain size, Dislocation, and Fatigue E®m

[ (RO N ETI [ I
R SR

What is the relationship between dislocation and fatigue failure?

* The fatigue life has two parts, initiation and propagation.
* Adislocation plays a major role in the fatigue crack initiation.

* After a large number of loading cycles, dislocations pile up and form structures called
persistent slip bands.

* Persistent slip bands are areas that rise above (extrusion) or fall below (intrusion) the
surface of the component due to movement of material along slip planes.

* This leaves tiny steps in the surface that serve as stress raisers where fatigue cracks can
initiate.

¥
Slip Plane B RIS IO

(Suresh 1551) u"‘

*https://www.ndeed.org/EducationResources/CommunityCollege/Materials/Structure/fatigue.htm
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Grain size, Dislocation, and Fatigue EQWI

[ (RO N ETI [ I
R SR

Why does the small grain size make material more resistant to fatigue
failure? Grain Boundary I::islocation

e Adislocation could move from one atomic plane to
another with the defect like a wave traveling over the
sea.

* However, a dislocation cannot carry on moving
forever.

e Adislocation will run into a grain boundary, and stuck
here.

e If the grain size is decreased, there will be an increase
in area of the grain boundary compared to the
number dislocations in the grain.

Q0000090090099

Q00 Q99099099090
Why is it so difficult for the dislocation to travel through the boundary
and what other problems would face it if it were to jump the gap?

* Inside the grain boundary, the atoms are jumbled. As a result additional energy
is required to force the dislocation through the boundary.
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9.6.4 Residual Stress and Other Surface Effects E®|m
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*http://www.metalimprovement.co.uk/controlled-shot-peening.html
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9.6.4 Residual Stress and Other Surface Effects EQWI
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Figure 9.31 S-N curves for zero-to-maximum bending, and residual stresses, for variously shot
peened steel leaf springs. (From [Mattson 59]; courtesy of General Motors Research Laboratories.)
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9.6.5 Fatigue Limit Behavior Sk
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9.6.5 Fatigue Limit Behavior Sk
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* Fatigue occurs below the fatigue limit

 Two competing mechanisms of fatigue failure:
— Failure that begins from surface defects (up to around 107 cycles)
— Failure that begins from internal nonmetallic inclusions (at lower stresses up
to around 10°-10%° cycles)
* Hence, where very large numbers of cycles are applied in service, the
concept of a safe stress may not be valid.

* If the fatigue process can somehow start, then it can proceed below the
fatigue limit.
— Corrosion may cause small pits. Surface damage allows fatigue cracks.

— A ssimilar effect can occur where large numbers of cycles at low stresses are
combined in the loading history with occasional severe cycles. The
occurrence of a small number of severe cycles can cause damage that can
then be propagated to failure by stresses below the usual fatigue limit.
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9.6.5 Fatigue Limit Behavior EQWI
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Figure 9.32 Stress—life curve extending into the very long life range for a bearing steel with
hardness HV = 778, corresponding to o, = 2350 MPa, containing 1% carbon and 1.45% chromium.

2018/8/9 Seoul National University




9.6.5 Fatigue Limit Behavior EQWI
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Figure 9.33 Stress—life data for a low-strength steel tested under constant amplitude cycling with
zero mean stress. Periodic overstrain tests included severe cycles applied every 10° cycles, but
with their IN/Nf not exceeding a few percent. (Data from [Brose 74].)
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9.6.6 Statistical Scatter EQWI
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9.7.1 Presentation of Mean Stress Data E®m
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* One procedure used for developing data on mean stress effects is to select

several values of mean stress, running tests at various stress amplitudes for each
of theses.

* An alternative presentation means, a constant-life diagram, shows that to
maintain the same life, increasing the mean stress in the tensile direction must be
accompanied by a decrease in stress amplitude.
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Figure 9.26 Axial loading S-N curves at Figure 9.37 Constant-life diagram taken
various mean stresses from the S-N curves
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9.7.2 Normalized Amplitude-Mean Diagrams Sk
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* On a constant-life diagram, o, (or S,) is thus the intercept at 0.,=0 of the curve
for any particular life.

* The graph can be normalized by plotting values of the ratio o,/0,, versus the
mean stress o, (0, 0./0,,)
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9.7.2 Normalized Amplitude-Mean Diagrams E®m
9.7.1 Additional Mean Stress Equations S

e Several empirical relationships have been developed.

* For most fatigue design situations (i.e., small mean stress in relation to
alternating stress), there is little difference in the theories.
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Example 9.3) The AlSI 4340 Steel is subjected to cyclic loading with a tensile mean
stress of 0,,=200MPa. What life is expected if the stress amplitude is 0,=450MPa?

Solution)
From Table 9.1 (p. 406), 0£=1758, b=-0.0977

Oar = 07(2Nf)? = 1758(2Nf)~%%%7"MPa (9.7)

O, 450
Oar = . m = 500 = 507.8MPa (Morrow)
or 1~ 1758

Ny = 166,000 Cycles
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9.8 MULTIAXIAL STRESSES (Optional) %ﬂ

oyl th A
koA age st

 Commonly, cyclic loadings cause complex states of multiaxial stress.
Examples)

— Fig 9.40: Combination of cyclic pressure “P” and steady bending “M” causes biaxial
stresses “o,, 0,".

— There are different stress amplitudes and mean stresses in two directions

ANy

—3—

|

|

|

M , |

time T

~ |
/ ‘:\ Ao, ; P Fluctuating Pressure |
o = |
& i v t |
i s s M |

|

l

|

|

! .
| time
|

|

|

|

|

|

o

time

time

Steady Bending

Figure 9.40 Combined cyclic pressure and steady bending of a thin-walled tube with closed ends.
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9.8.1 One Approach to Multiaxial Fatigue (Optional) EQIWI

el g A
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* Assumption & Situation #1
— All cyclic loads are completely reversed and have the same frequency.
— No steady (noncyclic) load presents.

» Effective stress amplitude, 7,

— The amplitudes of the principal stresses can be used to compute an effective stress
amplitude.

— Similar relationship employed for the octahedral shear yield criterion (Chapter 7, Eq
7.35)

1
Oy = ﬁ\/(ala — 02)* + (020 — 032)> + (034 — 014)*

— By using effective stress amplitude, the fatigue life ban be estimated for completely
reversed uniaxial stress. (c,,=0)

Oqr = 0}(2Nf)b Oar = — G, (Morrow)
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9.8.1 One Approach to Multiaxial Fatigue (Optional) E‘bﬁﬂ

yoteey b th A
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* Assumption & Situation #2

— If steady (noncyclic) loads are present

» Effective stress amplitude, 7,

— The amplitudes of the principal stresses can be used to compute an effective stress
amplitude.

1
Og = E\/(Uxa - Gy«:.t)2 + (Oya — 02a)> + (070 — 0xa)? + 6(1';%1@ + ‘E)%m + Tzzxa)

» Effective mean stress, 7,,

— Effective mean stress can be calculated from the mean stresses in the three principal
directions

Om = Olm + 02 + O3

— By using effective stress amplitude & effective mean stress, the fatigue life ban be
estimated.

/ b Oq
Oar = Gf(ZNf) Oar = Omm (Morrow)
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9.9.1 The Palmgren-Miner Rule @G’lm
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R SR

* In practical applications, the variable amplitude of fatigue loadings exist.
* The Palmgren(in 1920s)-Miner(in 1945) Rule

- Ny: the number of cycles by stress amplitude 0,4

- Ngq: the number of cycles to failure from the S-N curve for g4

- N3 /Ngq: the fraction of the life

- Fatigue Failure is expected when such life fractions sum to unity.

Ny N N,
+ Z 1 — =cycleratio B —L
Npy o Ny Nf3 Nyj ! z Nrj

- Itis convenient to sum cycle ratios over one repetition for the summation to reach
unity. By: the number of repetitions to failure

=1

one rep.

o
o Oa3 a

N N — N3 cycles —
\ 1 I 2 I 3Cy
Nig Ngy Nio
Ny N N,, Cycles to Failure
W1+ 2+E3+ ey o
#t Npp Nig

Figure 9.43 Use of the Palmgren—Mliner rule for life prediction for variable amplitude.
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9.9.1 The Palmgren-Miner Rule @le

1
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Example 9.8)
A Uniaxial stress repeatedly applied to an unnotched member made of the AISI 4340

Steel. Estimate the number of repetitions, Br, required to cause fatigue failure.

Solution)
From Table 9.1 (p. 406), 6¢=1758, b=-0.0977

Ao __ Omax — Omin

O, = =
& 8oof- 2 2
2
é’ G = Omax T Omin
2’220_ 12345678910 m 2
0 .
time
One repetition Oy, = (G}‘_Gm)(ZNf)b (923)
s
ey M (Morrow for nonzero mean stress)
s g R OOk = 0L A0 36 R s e T R
2 100 220 800 290 510 1.54x10° 6.51x107% 1
S S B=1388x107 Bf = = = 72000 rep.
-- o T e N 1.388 x 105 P
z:N

fidone rep.

Seoul National University
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9.9.2 Cycle Counting for Irregular Histories E®m

To predict the life of a component subjected to a variable load history, it is
necessary to reduce the complex history into a number of events which can be
compared to the available constant amplitude test data. This process of reducing
a complex load history into a number of constant amplitude events involves what
is termed cycle counting.

|
(ALL TIRES IMPACTING MULTIPLE RAILROAD TIES)
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404 c) v /
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28 ,\/
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Figure 9.7 Figure 9.8
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9.9.2 Cycle Counting for Irregular Histories ﬁ%ﬂ
- Simplified Rainflow Counting for Repeating Histories ...

* In performing rainflow cycle counting, a cycle is identified or counted if it meets
the criterion.
* A peak-vally-peak or vally-peak-valley combination is considered to contain a

cycle
c A l

A C G /\ Peaks: A, C
A /\ Valleys: B, D

0 time
V E L V Simple ranges: A-B, B-C
B F J Overall ranges: A-D, D-G
D

Figure 9.45 Definitions for irregular loading.

I

| X

: 7 For cycle X-Y

| Peak: o,

ob—— A f-—————- vV .
| alley: 0
: . Range: Ac=0, -0,
Mean: o= ( Gx-i- Oy )2

A, 2 ShGyry AGy; 2 ACyy
No cycle X-Y = cycle

Figure 9.46 Condition for counting a cycle with the rainflow method.
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Load Units

Load Units

-5

Figure 9.47 Example of rainflow cycle counting.

9.9.2 Cycle Counting for Irregular Histories

sl

- Simplified Rainflow Counting for Repeating Histories .

(1)
(2)

(3)

amag)r Mt

<Rainflow cycle counting>
Assume that the stress history given
is to be repeatedly applied.

(a) -> (b) Arrange the history to start
with either the maximum peak or
the minimum valley.

If Ao,,= Ao,,, then a cycle is
counted. And its peak and valley are
assumed not to exist for further
cycle counting .

If Ao, <Ao,y, then no cycle can be
counted. And move ahead until a
count can be made

Combination Cycle Counts Range | Mean Combination Cycle Counts Range | Mean
DE>EF 0 DG>GH
EF<FG 1 4.0 1.0 GH>HC 0
GH>HA 0 HC<CD 1 7.0 0.5
HA>AB 0 DG=DG 1 9.0 0.5
AB<BC 1 3.0 -0.5
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9.9.2 Cycle Counting for Irregular Histories ﬁ%ﬂ
- Simplified Rainflow Counting for Repeating Histories ...
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Figure 9.48 An irregular load vs.
time history from a ground
vehicle transmission, and a matrix
giving numbers of rainflow cycles
at various combinations of range
and mean. The range and mean
values are percentages of the
peak load; in constructing the
matrix, these were rounded to the
discrete values shown. (Load
history from [Wetzel 77] pp. 15—
18.)
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9.1 Introduction - Wind Turbines Fatigue

Copyright ©2013 Pearson Education, publishing as Prentice Hall

Figure 9.1 Large horizontal-axis wind turbine in
operation on the Hawaiian island of Oahu. The
blade has a tip-to-tip span of 98 m. (Photo courtesy
of the NASA Lewis Research Center, Cleveland, OH.)

* Wind turbines are subjected to cyclic
loads due to rotation and wind
turbulence, making fatigue a critical
aspect of the design of the blade and
other moving parts.
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2 Al &V
ﬁ "l',."Tl"""l TR LI
BItk A= acgs st
o = Ao __ Omax — Omin __ Omax * Omin
@2 2 m 2
(92)  Omax = Om +0q Omin = Om — Oq

(9.3) Stress Ratio, R = Zmin Amplitude Ratio, A = 2a

Omax Om

Omax 1-A4 1-R
1+R - " A=
2 (1 +R) R 1+ A 1+R

0}
94) Og=—="EA-R) Opn=

(9.5) Log-linear plot, o, = C + DlogN¢

(9.6) Log-log plot, 6, = AN?
STOE PR Ga T A (98) 4 =2

(9.7) Different Log-log plot, 64 = o7 (2Nj)" B =
(9.9) The safety factor in stress, Xg = c;—‘z, (Nf= N)

(9.10) The safety factor in life, Xy = %, (0q =0q)
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Stress was used as the control parameter and stress-life (or S-N) curves characterized the material or
component response to cyclic loading. This approach was used widely until the 1970s when the new
methods started to be used by industry. Unfortunately, there are quite a few inherent problems with the
stress-life approach which cause a large amount of scatter in the experimental fatigue life results. In
some companies, due to the extensive use of the stress-life method in past years, a large quantity of S-N
curves and experience have been accumulated. In this case, the stress-life method offers compatibility
with previous work and may therefore be more appropriate.

The stress-life approach is still used today for situations which are not easily modeled using the local
strain methods, such as welded structures and cast irons. Due to the inherent defects in these materials
which act more like cracks, fatigue damage should really be modeled with LEFM crack propagation tools.
Another group of materials which appear to be best modeled using the stress-life approach are
anisotropic and inhomogeneous materials such as composites. However, there are complications even
with composites, since the mean stress correction models used in connection with metals do not apply
to all composites.
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9.2.3 Stress Versus Life (S-N) Curves EQWI

1
R SR

Fitting test data for unnotched axial specimens tested under completely reversed loading

Table 9.1 Constants for Stress—Life Curves for Various Ductile Engineering
Metals, From Tests at Zero Mean Stress on Unnotched Axial Specimens

Yield Ultimate  True Fracture Gy = c:rj"r (2Nf)b = ANfB
Strength ~ Strength Strength :

Material &5 fiig O fB o} A b=B

(a) Steels

SAE 1015 228 415 726 1020 927 —0.138
(normalized) (33) (60.2) (105) (148) (134)

Man-Ten 322 53T 990 1089 1006 —0.115
(hot rolled) (46.7) (80.8) (144) (158)  (146)

RQC-100 683 758 1186 038 897 —0.0648
(roller Q & T) (99.0) (110) (172) (136) (131}

SAE 4142 1584 1757 1998 1937 1837 —0.0762
(Q& T,450HB) (230) (255) (290) (281) (266)
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9.2.3 (S-N) Curves - Forms of Fatigue EQWI

* High Cycle Fatigue [HCF]

— Low Amplitude High Frequency Elastic Strain
— Tuning Fork Vibration

* Low Cycle Fatigue [LCF]

— High Amplitude Low Frequency Plastic Strain
— Bend Tuning Fork

| i low-cycle fatigua
}- :

£ high-eyele (atigue
' H

g

"

E

Bl B

LCF | HCF : Fatigue limit
: i -
1 10° 108

N, cycles to fallure in a logarithm scala
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