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FATIGUE LOADING

-

= Some load histories may be simple and
repetitive, while in other cases they may be
completely random.

= The randomness may contain substantial
portions of more deterministic loading. For
example, the ground-air-ground cycle of an
aircraft has substantial similarity from flight to
flight.
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* Ground-Air-Ground Cycle Of An Aircraft

Ground—air—ground

o impact
R
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Typical Load Histories From Actual Ground
* Vehicle Components
|

(b)
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A Typical Load History of Short-Span

* Bridge
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* FATIGUE LOADING (CONTINUED)

= These load histories are typical of those found in real-life
engineering situations.

= Fatigue from variable amplitude loading involving histories

such as these is discussed in Chapter 9. Constant amplitude
loading is introduced in this chapter.

= Constant amplitude loading is used:

2 'Cll'o obtain material fatigue behavior/properties for use in fatigue
esign,

= Some real-life load histories can occasionally be modeled as
essentially constant amplitude.

@TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach



CONSTANT AMPLITUDE LOADING

Maximum stress, S,,,,, Stress range, A4S

|
Minimum stress, S,.,;,
Stress ratio, R

Mean stress, S,,

Alternating stress, S,
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FATIGUE LOADING (CONTINUED)

AS Smax_Smm
Sa: j—

2 2
Sm:Smax_I_Smin R:Smin

2 Smax
S =S _+5S._ s
A =

Smin :Sm_Sa Sm

Stresses can be replaced with load, moment, torque, strain,
deflection, or stress intensity factors.
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FATIGUE LOADING (CONTINUED)

-

= R=-1and R = 0 are two common reference test
conditions used for obtaining fatigue properties.
= R=-1is called the fully reversed condition since S,,,, = -5,
= R=0,where 5., = 0, is called pulsating tension.

= One cycle is the smallest segment of the stress versus time
history which is repeated periodically.

= Under variable amplitude loading, the definition of one cycle is not
clear and hence reversals of stress are often considered.

= In constant amplitude loading, one cycle equals two reversals.
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Q

= Tensile and/or compressive mean
loads and fully reversed loads are
prevalent in all fields of
engineering.

= Examples of different mean
loadings.

= The transmission history indicates
significant tensile mean stress.

= The suspension history shows
significant compressive mean
stress loading.

= The bracket history is dominated
by essentially fully reversed, R
= -1, loading.

T

|-sus+msoo~ LOAD |
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- 3~BRACKET VIBRATION |

(b)

: 2-TRANSMISSION LOAD oy

FATIGUE LOADING (CONTINUED)

h“*'l‘
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- FATIGUE LOADING (CONTINUED)

= A thin or thick-walled pressure vessel subjected to cyclic

internal pressure represents a component subjected to
mean tensile stresses.

= Helical compression springs are actually under torsion, but

the applied cyclic forces involve compressive mean
forces.

= A cantilever beam deflected at the free end and then
released to vibrate represents a damped vibration with
essentially zero mean stress.
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FATIGUE TEST MACHINES
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Rotating Cantilever Bending Fatigue
! Test Machine

|
Main Bearing

Motor

A —————————

Flexible Coupling

e Constant load amplitude
Non-uniform bending moment along the specimen length
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* Rotating Bending Test Machine

Flexible Coupling Load Bearings

> Nlt
E ]

e Constant load amplitude
Uniform bending moment along the specimen length
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Constant Deflection Amplitude
! Cantilever Bending Test Machine

= Load amplitude changes with
specimen cyclic hardening or
softening and decreases as
cracks in the specimen nucleate
and grow.

= The eccentric crank test
ki machines do have an advantage
over the rotating bending test
= machines in that the mean
deflection, and hence the initial
(c) mean stress, can be varied.

7
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Schematic of an Axial Loaded
! Fatigue Test Machine

VT S e
Grip
Capable of applying both Tt
mean and alternating
axial loads in tension
and/or compression e
- Actuator

i
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A Test Setup For Combined In-phase Torsion
! and Bending With or Without Mean Stress

/
Uniform torque and
a non-uniform

bending moment
along the specimen

length /

(e)
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A Modern Servo-hydraulic
Test System

= Principle of operation includes:

= generating an input signal of load,
strain, or displacement using a
function generator,

= applying this input through a
hydraulic actuator, measure the

specimen response via a load cell,
clip gage, or an LVDT,

= compare this output with the input.
The difference drives the system.
= Control and test data outputs are
usually through a PC and
software.

= Test frequency can range from
mHz to kHz.
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A Modern Servo-hydraulic
* Test System

= These test systems can
perform:

= constant or variable amplitude
load, strain, deformation, or
stress intensity factor controlled
tests on small specimens or

= can be utilized with hydraulic
jacks for components,
subassemblies, or whole
structures.

= Two or more control systems
are used for multiaxial testing.
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COMMON FATIGUE TEST SPECIMENS
(a) Rotating bending, (b) Axial uniform, (c) Axial

* hourglass
|

(b)

]

©

= These specimens are usually used for axial or bending tests.
= These specimens usually have finely polished surfaces to minimize

surface roughness effects.

= No distinction between crack nucleation and growth is normally

made with these specimens.

= Careful alignment is needed for axial loaded specimens to minimize

bending.
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COMMON FATIGUE TEST SPECIMENS
* (Axial or bending with circumferential groove)

= Stress concentration
influence can be studied
with most of these
specimens by machining
l___m in notches, holes, or

(d) grooves.
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* COMMON FATIGUE TEST SPECIMENS

= A thin-walled tube specimen designed for torsion and
combined axial/torsion with the possibility of adding internal
and/or external pressure.
= This multiaxial loading can be performed in-phase or out-of-phase.

= The thin-walled tube allows for essentially uniform normal and shear
stresses in the cross-sectional area.
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* Cantilever Flat Sheet Specimen

(e)
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COMMON FATIGUE TEST SPECIMENS

-

i } | = Specimens shown have been
used for obtaining fatigue
crack growth data.

,—‘\\
}} = In all cases a thin slit, notch,
9 or groove with a very small

o t ot () \r P root radius is machined into

® the specimen.

s, = Fatigue crack growth testing
o) )a is covered in Section 6.4.

=
—

(¥ ()
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ASTM Standard Practices Related

* to Fatigue Testing of Metals

= E466 Conducting Force Controlled Constant
Amplitude Axial Fatigue Tests of Metallic
Materials.

= E467 Verification of Constant Amplitude Dynamic
Forces in an Axial Fatigue Testing System.

= E468 Presentation of Constant Amplitude Fatigue
Test Results for Metallic Materials.

= E606 Strain-Controlled Fatigue Testing.
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ASTM Standard Practices Related to
* Fatigue Testing of Metals (Continued)

= E647 Measurement of Fatigue Crack Growth Rates.

E739 Statistical Analysis of Linear or Linearized
Stress-Life (S-V) and Strain-Life (¢-V) Fatigue Data.

= E1012 Verification of Specimen Alignment Under Tensile
Loading

= E1049 Cycle Counting in Fatigue Analysis.

= E1823 Standard Terminology Relating to Fatigue and

Fracture Testing.
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ISO Standards Related to
Fatigue Testing of Metals

-

= [SO/DIS 12106 Metallic Materials-Fatigue Testing-
Axial Strain-Controlled Method.

= [SO/DIS 12107 Metallic Materials-Fatigue Testing-
Statistical Planning and Analysis of
Data.

= [SO/DIS 12108 Metallic Materials-Fatigue Testing-
Fatigue Crack Growth Method.
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STRESS-LIFE (S-N) APPROACH

-

= S5-IV CURVES
= MEAN STRESS EFFECTS ON S-/ BEHAVIOR
= FACTORS INFLUENCING S-VBEHAVIOR

= 5-NVCURVE REPRESENTATION AND
APPROXIMATIONS

= EXAMPLE OF LIFE ESTIMATION USING S-V
APPROACH

@TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach 28



STRESS-LIFE CURVES, S-NV

»

Log §

10° 107 104 10° 10®

(@)

= Typical schematic S-/V curve obtained under axial load or stress
control test conditions with smooth specimens.

= Constant amplitude S-/V curves of this type are plotted on semi-
log or log-log coordinates.
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STRESS-LIFE CURVES, S-NV

»

= S-Ncurves obtained under torsion or bending load-control
test conditions often do not have data at the shorter
fatigue lives (say 103 or 10% cycles and less) due to
significant plastic deformation.

= Torsion and bending stress equations = 7 r/Jand
o= My /Ican only be used for nominal elastic behavior.

@TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach 30



STRESS-LIFE CURVES, S-/V (Continued)

»

Log §

™ |

| L | 1 | 1
10° 10° 10* 10°

1
10°
= Typical variability with less variability at shorter lives and greater

variability at longer lives.

= Variability in life for a given stress level can range from less than a
factor of two to more than an order of magnitude.

= Variability and statistical aspects of fatigue data are discussed in Ch. 13.
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STRESS-LIFE CURVES, S-V (Continued)

Log §
Log §

1
N, 10° 107 10* 10° 10°
(@)

= Fig. (a) shows a continuous sloping curve, while Fig. (b) shows a
discontinuity or “knee” in the S-/V curve.

= This knee has been found in only a few materials (i.e. low and medium
strength steels) between 10° and 107 cycles in non-corrosive conditions.

= Most materials do not contain the “knee” even under controlled environments.
= Under corrosive environments a// S-NV data have a continuous sloping curve.

= When sufficient data are available, S-V curves are usually drawn through
median points and thus represent 50 percent expected failures.
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» STRESS-LIFE CURVES, S-V (Continued)

|
Common terms used with the S-Ndiagram are

= Fatigue life, N; The number of cycles of stress or strain
that a specimen sustains before failure occurs.

= Fatigue strength: A hypothetical value of stress at failure for
exactly NV, cycles as determined from an S-V
diagram.

= Fatigue limit, S The limiting value of the median fatigue
strength as N:becomes very large. Endurance
limit is often implied as being analogous to
the fatigue limit.
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» STRESS-LIFE CURVES, S-V (Continued)

= Fatigue typically consists of crack nucleation, growth, and final fracture,
as it was emphasized in Chapter 3.

= A reasonable crack nucleation life can be defined by a crack length of
0.25mm (0.01in.). This dimension can relate to engineering dimensions
and can represent a small macrocrack.

= The number of cycles to form this small
crack in smooth unnotched or notched
fatigue specimens and components can .=
range from a few percent to almost the Fatigue crack

nucleation

entire life, as illustrated schematically. N

Fatigue crack growth region

Final fracture
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STRESS-LIFE CURVES, S-V (Continued)

[

Fatigue crack growth region

Final fracture

Fatigue crack
nucleation

N

= A larger fraction of life for crack growth, the shaded area,
occurs at higher stress levels, while a larger fraction of life for
crack nucleation occurs at lower stress levels.

= When fatigue crack growth life is significant, then fracture
mechanics, as discussed in Chapter 6, should be used.
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» STRESS-LIFE CURVES, S-V (Continued)

= The fatigue limit has historically been a prime
consideration for long-life fatigue design.

= For a given material the fatigue limit has an enormous

range depending on:

= surface finish,

= Sjize,

= type of loading,

= temperature,

= corrosive, and other aggressive environments,
= mean stresses,

= residual stresses, and

= stress concentrations.

@TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach 36



» STRESS-LIFE CURVES, S-V (Continued)

= Fatigue limit based on a nominal alternating stress, S.:

= Can range from essentially 1 to 70 percent of the ultimate tensile
strength.

= Example of a case where the fatigue limit may be approximately
1 percent of S, is a high strength steel with a sharp notch
subjected to a high mean tensile stress in a very corrosive
atmosphere.

= An example of a case when the fatigue limit might approach 70
percent of S, is a medium strength steel in an inert atmosphere
containing appreciable compressive residual stresses.
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» STRESS-LIFE CURVES, S-V (Continued)

= Most long-life S-N fatigue data available in the literature
consist of fully reversed (S,, = 0) uniaxial fatigue
strengths or fatigue limits of small highly polished
unnotched specimens based on 10° to 5 x 108 cycles to
failure in laboratory air environment.

= Representative monotonic tensile properties and bending
fatigue limits of selected engineering alloys obtained under
the above conditions are given in Table A. 1.

= The fatigue limits given in Table A.1 must be substantially reduced
in most cases before they can be used in design situations.

= For example, 10 to 25 percent reductions in these values for just
size effect alone is not unreasonable for bend specimens greater
than 10 mm (0.4 in.) in diameter.
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Matenal

Process Description Hardness S. S, WEil RA s, "
MPa(ksi) MPafdksi) MPa(ksi)

Steeis ™ S, based on 10° to 10° cycles to failure
1020 Annealed 111HB 393(57) 296(43) 36 66 138(20)
1020 Hot Rolled 143HB 448(55) 331(65) 36 59 241(35)
1040 Annealed 149HB S17(79) 351(51) 30 57 269(39)
1050 Annealed 187HB 634(92) 365(53) 24 40 365(53)
4130 Nomalized 197HB 6688(857) 434(63) 26 80 32447
4130 WQAaT 650C 245HB 809(118) 703{102) 22 64 4889(71)
4140 OQA&T 850C 285HB 758(110) 655(95) 18 53 420(61)
4140 OQA&T 540C 358HB 1137(165) 985(143) 15 SO 455(686)
4340 OQA&T 540C 380H4HB 1261(183) 1171(170) 14 52 868(S7)
4340 OQA&T 425C 430HB 1530(222) 1378(200) 12 47 458(58)
5140 OQ&T S540C 31148 1088(155) S23(134) 17 53 620(80)
5140 OQ&T 425C 3I75HB 1309(180) 1164(169) 12 az S565(82)
8840 OQ&T S40C 331HB 1068(155) S44(137) 17 56 S37(78)
HY-140 Q&T Sa0C 34Rc 1027(149) S78(142) 20 85 482(70)
H-11 Q&a&T 52Rc 1791(260) 1447(210) 8 52 B834(92)
300mM Q&T 260C SZ2Rc 1791(260) 1585(230) 12 37 S520(S0)
OsAC Q&T 260C S4Rc 1998(2S0) 1722(250) = 36 689(100)
SNi<4Co-25 T Sa0C 36Rc 1378(200) 1309(150) 17 70 758(110)
SNi<2Co-45 T 31S5C 48Rc 1929(280) 1757(255) s 35 8512{90)
18Ni 200 marage Aged 480C 43Rc 1550(225) 1481(215) 11 55 88S(100)
18N 250 marage VM Aged 480C SORc 1764(258) 1633(237) 11 62 689(100)
18N 200 marage VM Aged 480C S5Rc 1984(288) 1822273 7 50 758(110)
18Ni 350 marage VM Aged 480C S9Rc 2425(352) 2377(34S5) 8 a4a 758(110)
302 Annealed 80Rb B540(93) 276(40) 68 &S 234(34)
302 CR 40% 3S5Rc 1040{151) S09(132) 13 8 S17(75).
304 Annealed 80RDL 599(87) 234(34) 57 &7 241(35)
3204 CW 10% 10Rc 875(28) 482(70) 35 413(60)
304 CWwW 4a0% 35Rc 1006(146) S3I0(135) 12 634(92)
316 Annealed 77Rb 586(85) 262(38) 61 67 269(39)
403 Annealed 155HB S17(75) 310{45) 30 70 276(40)
<403 T 850C S7TRb 758(1 1) S85(85) 23 85 3I7SHSES)
Aluminum Alloys® S, based on 5x10° cycles to failure
1100-0 Annealed 23HB SO(13) 35(5) 4s 35(5)
2014-T6 Sol. Treat Aged 135H8 482(70) 413(80) 13 124(18)
2024-T3 Sol. Treat CW Aged 120HB 482(70) 345(50) 18 138(20)
2024-7T4 Sol. Treat Aged 120H8 468(638) 324(47) 19 138(20)
2219-T8és Sol. Treat CW Aged 455(66) 351(51) 10 103(1S)
3003-+H16 Strain Hardened 47HB 179(26) 172(25) 14 69(10)
3004-H36 Strain Hardened 70HB 262(38) 227(33) S 110(16)
6061-T4 Sol. Treat Aged S5HB 242(35) 145{21) 25 o6(14)
7075-T6 Sol. Treat Aged 150 HB 572(83) S03(73) 11 158(23)
Others
Ti® Annealed S520(75) 330(52)
Ti-BAI-4V" 1190(172) 1090(158) 365(53)
Copper” Annealea 235(34) 75¢11) 75(11)
B80/40 Brass® Annealed 315(486) a95(14) 85(12)
Phospher B8ronze® Anneaied 240(49) 150(22) 170(25)

* Incompiete mformation on surface finish. These values do not represent design fatigue imits

THE UNIVERSITY OF
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Rotating Bending Fatigue Limits or Fatigue
* Strengths Based on 107 to 108 Cycles for Steels

1240

150

MPa

100

Alternating fatigue strength, ksi

0 50 100 150 200 250 300
Tensile strength, ksi
(a)

(@) allov steels. (x) carbon steels.
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Rotating Bending Fatigue Limits or Fatigue Strengths
* Based on 107 Cycles for Irons

O nodular cast iron + malleable cast iron
A ingot iron * wrought iron
MPa
0 310 620 930 1240
! T T T T T | —]620
g I
g g
B =
§ - 310
£
£ et
0 | Jo

0 25 50 75 100 125 150 175

Tensile strength, ksi
(b)
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Rotating Bending Fatigue Limits or Fatigue Strengths
Based on 108 Cycles for Aluminum Alloys

* cast X wrought
MPa
0 310 620 930
a2 1 T T T | an
[
R
£ s 310
b
@ a
; b3
£ 25 — 155
g
%
E
-
<
0 0
0
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Rotating Bending Fatigue Limits or Fatigue Strengths
! for Wrought Copper Alloys

MPa
0 930
75 ] 465
r
R4
% 50 b— 310
& o
; -
%
& 25| 155
-2
g
S X
: I 5 5 | =4
0 0
0 25 50 75 100 15
Tensile strength, ksi
(d)
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» STRESS-LIFE CURVES, S-V (Continued)

= 5./5, varies from
about 0.25 to 0.65
for these data.

= Thereisa
tendency to
generalize that 5
increases linearly
with S,. These
figures show this is
incorrect and data
bands tend to bend
over at the higher
ultimate strengths.

Alternating fatigue strength, ksi

strength, ksi

Alternating fatigue

50 100

150 200
Tensile strength, ksi
(a)

Tensile strength, ksi

310 930 1240
T T T T T T T 620
o
S =
s~ pre
w5 :
* S8 —{ 310
T8
KX —4
] 1 ] ] 1 0
25 50 75 100 125 150 175

25

Alternating fatigue strength, ksi

Alternating fatigue strength, ksi

0
75

465

<@
,.\'ﬂ" —{310

MPa

L
75 100

@TOLEDO Ali Fatemi-University of Toledo  All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach

44



» STRESS-LIFE CURVES, S-V (Continued)

= For steels, substantial data are 000 &0 e
clustered near fatigue ratio 5;/S,~ 0.5
for the low and medium strength steels

= The data actually fall between 0.35 and
0.6 for S, < 1400 MPa (200 ksi).

= For 5, > 1400 MPa (200 ksi), S-does
not increase significantly.

150

100

Alternating fatigue strength, ksi

L
0 50 100 150 200 250 300

= Common estimates for unnotched, R
highly polished, small bending @
specimen fatigue limits for steels are:

For steels, S, can be approximated

from the Brinell hardness, HB, as:
5=05S5, for 5, <1400 MPa (200 ksi) S, = 3.45HB for MPa units

S,= 700 MPa for 5,> 1400 MPa (200 ksi) S, = 0.5HB for ksi units
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» STRESS-LIFE CURVES, S-V (Continued)

= These equations are not unreasonable for small highly polished
steel specimens, but empirical reduction factors for surface finish,
size, stress concentration, temperature, and corrosion must also
be considered.

= We strongly warn against using a design fatigue limit equal to
one-half the ultimate strength for steels. Most data in Fig. 4.8 for
irons, aluminum, and copper alloys fall below the 0.5 fatigue ratio.

= The aluminum and copper alloy data bands bend over at higher
strengths as do the bands for steels. Thus high strength steels,
aluminum, and copper alloys generally do not exhibit
corresponding high unnotched fatigue limits.
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! Schematic Scatter Bands For Steels

MPa
280 700 1120 1540
140 |
130 Rare = 910
Ll
50 percent ratio = 5 —=
120 ‘
110
100 700
b= 90
=2
. 80 Z
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5o //A %
<
40 é // e TS 280
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Severely notched specimens
30
=5 Corroding specimens
10 o
40 60 80 100 120 140 160 180 200 220 240 260

Ultimate tensile strength — ksi

MPa
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! MEAN STRESS EFFECTS ON S-N BEHAVIOR

|
= The mean stress, S,,,, can have substantial influence on fatigue behavior.

= In general, tensile mean stresses are detrimental and compressive mean
stresses are beneficial.

S,, = compression
=
o)
® S,, = tension
o AR S S
»
=) ' |
= |
= I
2 | |
<< : | :
|
B | L = m=t | 3]
3 4 S 6 7 8
10 10 Ng, 10° N, 10° N, 10 10

Cycles to failure, Ny
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MEAN STRESS EFFECTS ON S-N BEHAVIOR

»

- At intermediate or high stress
levels under load control test
conditions, substantial cyclic ]
creep (also referred to as 0 .
cyclic ratcheting) which
increases the mean strain, can
occur in the presence of mean
stresses.

0.002

- This cyclic creep adds to the
detrimental effects of tensile
mean stress on fatigue life and
results in additional undesirable
excess deformation.
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Tensile Mean Stress Influence on Long-life (107 Cycles)
* Fatigue Strength For Steel Alloys

= S is the fully reversed, (S, = 0, R = -1), fatigue limit of smooth specimens
= Similar behavior exists for other alloys.

= The general trend indicates that tensile mean stresses are detrimental.

= Much of the data fall between the straight and curved lines.

1.2

e
(=]
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®

o
>

Alternating stress, S,
Fully reversed fatigue strength, Sf
% i
o

o
(X)

o

0 0.1 0.2

0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Mean tensile stress, S,,
Ultimate tensile strength, S,
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Tensile Mean Stress Influence on Long-life (5x10/
* Cycles) Fatigue Strength For Aluminum Alloys

Alternating stress, S,
Fully reversed fatigue strength, S¢

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Mean tensile stress, S,,
Ultimate tensile strength, S,

(b)
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* MEAN STRESS EFFECTS ON S-N BEHAVIOR (CONT'D)

= The straight line is the modified Goodman line.

S, S,
+ =1
S, S,
2
* The curve is the Gerber parabola. S, (S, | _,
S S,

= An additional popular relationship has been formulated by replacing S,
with o; (Morrow line) where o; is the true fracture strength.
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Compressive Mean Stress Effects for Several
* Steels and Aluminum Alloys

20—

= These compressive mean stresses
cause increases of up to 50 percent
in the alternating fatigue strength.

=

o0
|

o

)
T

%
o o. o

= This increase is too often
overlooked, since compressive
residual stresses can cause similar
beneficial behavior. 0 ' ‘ : ! : '

-15 -1.0 -05 0 0.5 1.0
Compression Tension

Axial stress amplitude, S,

Reversed fat. strength (S,, = 0)
L)

e Aluminum alloys

o
)

[~ o Steels

Mean stress, S,

. Yield strength, Sy
- The mOdIfled GOOdman or MOI’I’OW Figure 4.13 Compressive and tensile mean stress effect [12]. (®) Aluminum alloys,

equations can be extrapolated into () steeis.
the compression mean stress region.

= The Gerber equation incorrectly
predicts a detrimental effect of
compressive mean stresses.
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MEAN STRESS EFFECTS ON S-N BEHAVIOR
(CONTD)

»

The modified Goodman and
Morrow equations are shown for
a given long life (e.g 107 cycles)
along with the criterion for
yielding:

yielding

modified Goodman, Eq. 4.5a

Morrow, Eq. 4.5¢

S,/S, + S,/S, =1 S %

If the coordinates of the applied
alternating and mean stresses fall
within the modified Goodman or
Morrow lines, then fatigue failure
should not occur prior to the
given life.
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MEAN STRESS EFFECTS ON S-N BEHAVIOR
(CONTD)

»

If yielding is not to
occur, then the applied
alternating and mean
stresses must fall within
the two yield lines
connecting £ S, to S',.

If both fatigue failure and : = +S),
yielding are not to occur,

then neither criterion, as

indicated by the three

bold lines should be

exceeded.
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FACTORS INFLUENCING
S5-N BEHAVIOR

-

= The reference fatigue condition for S-NV behavior is usually fully reversed
R = -1 bending or axial loading using small unnotched specimens.

= Jn addition to mean stress many other factors also affect the reference
fatigue condition.

= Some of these are discussed in other chapters:
= notches and stress concentrations (Chapter 7)

residual stress and surface treatment (Chapter 8)

variable amplitude loading (Chapter 9)

multiaxial and torsion loading (Chapter 10)

corrosion (Section 11.1)

fretting (Section 11.2)

low temperature (Section 11.3)

high temperature (Section 11.4)
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! FACTORS INFLUENCING S-VBEHAVIOR (CONT'D)

» Additional factors that influence S-N behavior are:

= Microstructure
Size Effects
Surface Finish
= Frequency
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FACTORS INFLUENCING S-N BEHAVIOR
- (MICROSTRUCTURE)

= Metal fatigue is significantly influenced by microstructure.

= Microstructure includes:
= chemistry,
»= heat treatment,
= cold working,
= grain size,
= anisotropy,
= inclusions,
= voids/porosity, and
= other discontinuities or imperfections.

@TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 4-Fatigue Tests & S-N Approach 58



FACTORS INFLUENCING 5-/VBEHAVIOR
* (MICROSTRUCTURE, CONT'D)

= If the actual S-NV data are available, microstructural
effects are inherently accounted for and do not have
to be accounted for again.

= Chemistry, heat treatment, and cold working have an
enormous number of synergistic variations, and
generalities concerning their effects on fatigue
behavior can not be made.
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FACTORS INFLUENCING 5-VBEHAVIOR
* (MICROSTRUCTURE, CONT'D)

= Some generalities for the other microstructural aspects.

* Fine grain size generally provides better S-N fatigue
resistance than coarser grains, except at elevated temperatures
where creep/fatigue interaction exists.

= Fine grains reduce localized strains along slip bands reducing
the amount of irreversible slip and provide more grain
boundaries to aid in transcrystalline crack arrest and deflection,
and thus reduce fatigue crack growth rates.
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FACTORS INFLUENCING 5-VBEHAVIOR
* (MICROSTRUCTURE, CONT'D)

= Anisotropy caused by cold working gives increased S-NV
fatigue resistance when loaded in the direction of the working
than when loaded in the transverse direction. This is due to
the elongated grain structure in the direction of the cold
working.

= Inclusions, and voids/porosity act as stress concentrations
and thus are common locations for microcracks to nucleate
under cyclic load, or to form during heat treatment or cold
working prior to cyclic loading. Minimizing inclusions,
voids/porosity, and other discontinuities through carefully
controlled production and manufacturing procedures is a key
to good fatigue resistance.
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FACTORS INFLUENCING S-N BEHAVIOR
» (SIZE EFFECTS)

= Under unnotched bending conditions if the diameter or thickness of
the specimen is < 10mm (0.4 in.) then the S-A fatigue behavior for
steels is reasonably independent of the diameter or thickness.

= For larger size, the S-/Vfatigue resistance is decreased as the
diameter or thickness increases to 50 mm (2 in.), the fatigue limit for
steels decreases to a limiting factor of about 0.7 to 0.8 of the fatigue
limit for specimens less than 10 mm (0.4 in.) in diameter or thickness.

= Additional decreases can occur for larger specimens or components.

= Under unnotched axial conditions the S-/N fatigue resistance is poorer
than for most bending conditions. The fatigue limit for axial loading
can be from 0.75 to 0.9 of the small specimen bending fatigue limits.
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FACTORS INFLUENCING S-N
! BEHAVIOR (SIZE EFFECTS)

|
= Several factors are involved in size and axial

loading effects. ‘

= In bending, the larger the diameter or thickness, the
smaller the bending stress gradient and hence the
larger the average stress in a local region on the
surface. The average stress in the local region may be
the governing stress for fatigue rather than the
maximum stress.

= For axial loaded unnotched specimens, a nominal

stress gradient does not exist, and the average and ‘
maximum nominal stresses have the same magnitude

resulting in less size effect than in bending.
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FACTORS INFLUENCING S-N BEHAVIOR
» (SIZE EFFECTS)

= In bending and axial loading, larger specimens have a
higher probability of microstructural
discontinuity density in the highly stressed surface
regions that contribute to the decrease in fatigue
resistance.

= Another reason why axial fatigue resistance is lower
than in bending is possible eccentricity or alignment
difficulties that superimpose bending stresses on the
axial stresses.
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FACTORS INFLUENCING S-N BEHAVIOR
* (SURFACE FINISH EFFECTS)

= Since most fatigue failures originate at the surface, the surface
will have a substantial influence on fatigue behavior.

= Surface effects are caused by differences in surface roughness,
microstructure, chemical composition, and residual stress.

= This influence will be more pronounced at long lives where a
greater percentage of the cycles is usually involved with crack
nucleation.

= Reference fatigue strengths are for highly polished smooth
specimens. Most engineering parts, however, are not highly
polished and grinding or machining, will cause degradation in
fatigue strength.
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Surface Factors, K_, as a Function of

-

| Th'e higher the ultimate tensile
strength and hardness, the greater
the degradation of fatigue limits.

= The decreases caused from grinding
and machining are more related to
surface roughness and residual
stresses, while hot-rolled and as-
forged behavior include these two
important aspects along with surface
microstructural and chemical
composition changes such as
decarburization and hence surface
hardenability.

= Avoid the hot-rolled or as-forged
surface conditions at fatigue sensitive
locations by removing the undesirable
surface by grinding or machining.

Ultimate Tensile Strength For Steels

Hardness, HB
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FACTORS INFLUENCING S-N BEHAVIOR
» (FREQUENCY EFFECTS)

= The influence of frequency on S-/V behavior of metals is complicated
because of synergistic effects of test temperature, corrosive
environment, stress-strain sensitivity to strain rate, and frequency.

= Specimen heating at higher test frequency due to internal hysteresis
damping can increase the specimen temperature and thus disquise the
true ambient temperature fatigue behavior.

= Generation of heat due to cyclic loading depends on the volume of
highly stressed material. Axial loading will produce more heat than
bending or notched specimens. Thus, frequency effects can be different.

= If heating and corrosion effects are negligible, frequencies from less
than 1 Hz to 200 Hz have had only a small effect on S-V behavior for
most structural metals.
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5-NV CURVE REPRESENTATION AND
* APPROXIMATIONS

= Actual fatigue data from either specimens or parts
should be used in design, if possible.

= Oftentimes this information is not available and must

either be generated or approximations of S-/ behavior
must be made.

= Common reasonable S-NV median fatigue life curves

based upon straight-line log-log approximations are
shown.
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Common Reasonable S-V
Approximations

log S, or log Sy,

-
1 102 10* 106 108
Cycles to failure, N,
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5-N CURVE REPRESENTATION AND
! APPROXIMATIONS (CONTINUED)

|
= Basquin suggested a /og-log straight line S-N relationship such that
S, or Sye= A(N;)?

S, is an applied alternating stress

S,ris the fully reversed, R = -1, fatigue strength at N cycles

Ais the coefficient and represents the value of S, or S,,at one cycle
Bis the slope of the log-log S-V curve

log S, or log Sy,

Cycles to failure, N,
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5-NV CURVE REPRESENTATION AND
* APPROXIMATIONS (CONTINUED)

= One approximate representation of S-NV
curve is a tri-slope model with one
slope between one cycle and 103 cycles,
one between 103 and 10° or 108 cycles,
and another slope after 10° or 108 cycles.
= The tri-slope model indicates a fatigue
limit does not exist, which may be the
case for service variable amplitude
loading. 1 102 10° 106 108
= The tri-slope model exists in some design Cycles to failure, N,
codes such as for gears and welds.

= The tri-slope model could also have the
third, or long-life, slope be horizontal
after 106 or 108 cycles.

log S, or log Sy,
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S5-N CURVE REPRESENTATION AND
* APPROXIMATIONS (CONTINUED)

= QOther approximation models assume one sloping straight line from one
cycle to 109, 107, or 108 cycles followed by a horizontal line or another
sloped line.

= The intercept, A, at N = 1 could be chosen as the ultimate tensile
strength, S,, the true fracture strength, o5 or fatigue strength
coefficient, oy.

= Basquin’s equation using o;'is based on reversals, 2V, rather than
cycles, N
S, 0r Sye= o7 (2N¢)?

= Values of the o, and b, defined as the fatigue strength coefficient and the
fatigue strength exponent respectively, are given in Table A.2 for a few
selected engineering alloys.
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able A. tonic i Strain-life Properties of Selected Engi lloys*™*
s, E 5/, K/K' "E
Process MPa GPa MPa MPa MPa
Material Description (ksi) HB (ks -10")  %RA (ks1) (ksi) nn' efel (ksi) b c
Steel
1010 HR sheet 331 — 203 80 200/— 534/867 0.185/0.244 1.63/0.104 —/499 -0.100 -0.408
(48) (29.5) (29) — (78)/(126) —U(72)
1020 HR sheet 441 109 203 62 262/— 738/1962 0.190/0.321 0.96/0.337 —/1384 -0.156  -0.485
(64) (29.5) (38) — (107)/(284) —(201)
1038° Normalized 582 163 201 54 3317342 1106/1340 0.259/0.220 0.77/0.309 B98/1043 -0.107  -0.481
(84) (29.5) (48)/(50) (160)/(195) (130)/(151)
1038° Q&T 649 195 219 67 410/364 1183/1330 0.221/0.208 1.10/0.255 1197/1009 -0.097 -0.460
(94) (31.5) (60)/(53) (172)/(193) (174)/(146)
Man-Ten  HR sheet 510 - 207 64 393/372 —/786 0.20/0.11 1.02/0.86 814/807 -0.071 -0.65
(74) (30) (57)/(54) —/(114) (118)/(117)
RQC-100  HR sheet 931 290 207 64 883/600 1172/1434 0.06/0.14 1.02/0.66 1330/1240 -0.07 -0.69
(135) (30) (128)/(87) (170)/(208) (193)/(180)
1045 Annealed 752 225 - 44 517/— —{1022 —{0.152 0.58/0.486 —/916 0079 -0.520
(109) — (75)— —{(148) ~{(133)
1045 Q&T 1827 500 207 51 1689/— {3371 (.047/0.145 0.71/0,196 —{2661 -0.093 -0.643
(265) (30) (245)/ — —{/(489) —/(386)
1090° Normalized 1090 259 203 14 735/545 1765/1611 0.158/0.174 0.15/0.250 —/1310 -0.091 -0.496
(158) (29.5) (1071(79) (256)/(234) —/(190)
1090° Q&T 1147 309 217 22 650/627 1895/1873 0.165/0.176 0.24/0.700 —/1878 -0.120 -0.600
(166) (31.5) (94)/(91) (275)(272) —/(273)
1141°¢ Normalized 789 229 220 47 493/481 1379/1441 0.187/0.177 0.64/0.602 111771326 -0.103 -0.581
(115) (32) (72)/(70) (200)/(209) (162)/(192)
1141° Q&T 925 27 227 59 814/591 1205/1277 0.074/0.124  0.88/0.309 1405/1127 0.066  -0.514
(134) (33) (118)/(86) (125)/(185) (204)/(164)
4142 Q&T 1413 380 207 48 1378/— —{2266 0.051/0.124 0.65/0.637 —2143 -0.094 -0.761
(205) (30) (200)/— —/(387) ~{(311)
4142 Q&T 1929 475 207 35 1722/— —{2399 0.048/0.094 0.43/0.331 —/2161 -0.081 -0.854
(280) (30) (250)/— —/(348) —/(314)
4340 HR 827 243 193 43 634/— —/1337 —/0.168 0.57/0.522 —/1198 -0.095 0.563
(120) (28) (92)/— —/(194) —/(174)
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5-N CURVE REPRESENTATION AND
* APPROXIMATIONS (CONTINUED)

= The slope, B, depends upon many factors and for
unnotched parts could vary from about —0.05 to —0.2.

= For example, the varying slope can be indicated by using
surface effects with S.taken from Fig. 4.15.

= Surface effects are dominant at long fatigue lives and less

significant at short lives with convergence of the S5-A curves at S,
at Nf - 1.

= This gives different values of slope B for each surface condition.

= The convergence at N, = 1 is reasonable because surface finish
does not have an appreciable affect on monotonic properties for
most smooth metal specimens.
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S5-N CURVE REPRESENTATION AND
* APPROXIMATIONS (CONTINUED)

= Oftentimes the slope, B, for smooth unnotched specimens
is about -0.1.

= This suggests that for unnotched specimens the fatigue life is
approximately inversely proportional to the 10t power of alternating
stress.

= Thus, a 10% increase or decrease in alternating stress will cause
about a factor of three decrease or increase, respectively, in fatigue
life.

= For notched parts the slope of the S5-/V curve on logarithmic scales is
steeper yielding more extreme changes.

= Thus, even small changes in applied alternating stress can have a
significant effect on fatigue life.
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* Constant Fatigue Life Diagrams

Figure 4.17 Constant life diagrams with superimposed yield criterion.
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5-N CURVE REPRESENTATION AND
* APPROXIMATIONS (CONTINUED)

= The following equations provide information to
determine estimates of allowable S,and S, for a
given fatigue life of unnotched parts.

Svr = A (Np*
and

Sa/SNf'l' Sn/su — 1 or 5/5Nf+ Sﬂ/6f= 1
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* SUMMARY AND DOS AND DON'TS IN DESIGN

= Test systems are available to perform fatigue and durability tests for
almost every conceivable situation from a small highly polished
laboratory specimen to that of a large scale complex structure.

= The fatigue limit under constant amplitude loading conditions occurs
for a few metals (notably low and medium strength steels), but under
in-service variable amplitude loading with corrosive, temperature, or
other environmental conditions, the fatigue limit is rare.

= The fully reversed rotating beam smooth specimen fatigue strength,
S, at 10° to 108 cycles ranges from about 0.25 to 0.65 times the

ultimate tensile strength, S,. For real parts, this can vary from about
0.01 to 0.7.
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! SUMMARY AND DOS AND DON'TS IN DESIGN (CONT'D)
|

= Yielding, finite or long life, and mean stress effects
can be approximated with the following models:

Yielding: 5/5,/+5,/5, =1
Basquin equation: Sye= A (Np)?
Mean stress finite life S5./5,,+S5,/5,=1 or S5/5,+S,/0,=1

Mean stress long life S,/S5-+ S,./S,=1 or  5/5+ S5, /0,=1
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* SUMMARY AND DOS AND DON'TS IN DESIGN (CONT'D)
|

= Do consider that the fully reversed fatigue strength, S;
at 10° to 108 cycles for components can vary from about 1
to 70 percent of the ultimate tensile strength.

= Do note that cleaner metals, and generally smaller grain size
for ambient temperature, have better fatigue resistance.

= Do recognize that frequency effects are generally small
only when corrosion, temperature or other aggressive
environmental effects are absent.
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* SUMMARY AND DOS AND DON'TS IN DESIGN (CONT'D)
|

= Do consider that surface finish can have a substantial
influence on fatigue resistance particularly at longer lives.

= Don't neglect the advantages of compressive mean or
compressive residual stresses in improving fatigue life and
the detrimental effect of tensile mean or tensile residual
stresses in decreasing fatigue life.

= Do attempt to use actual fatigue data in design, but if this is
not possible or reasonable, approximate estimates of
median fatigue behavior can be made.
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-

EXAMPLE PROBLEM USING
STRESS-LIFE (S-V) APPROACH
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