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Books

Books on Metal fatigue
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Fatigue - Intro

Cyclic load leading to fracture

Commercially
d<2.0in. polished surface

Y 4

P(1) P(t)

S, = 120 ksi
S, = 150 ksi

Eventual
Fatigue Fracture

Fatigue Fracture with Beachmarks

P(1)

Cyclic loading, repeated
thousands or even millions of times

Beachmarks

Origin of fracture

" SIS
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Fatigue — Evolution of the crack

Nucleation

Persistent Slip Bands, PSBs

extrusion
/ intrusion
;
.:f" §

These slip lines were termed 'persistent slip bands' (PSBs) by Thompson, Wadsworth
& Louat (1956) who found that in Cu and Ni, the bands persistently reappeared at the
same sites during continued cycling even after a thin layer of the surface containing
these bands was removed by electropolishing.

(a)
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Fatigue — Evolution of the crack

Nucleation

“Embryo” crack formation from PSBs

/4 /g
tension

/\ chemlsorbad 0,

T % %

/\/ dissolved O

second tension

Irreversibility of ~— =———3» —
the cyclic slip

incipient crack

vacuuim air
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Fatigue — Evolution of the crack

Nucleation

“Embryo” crack formation from PSBs
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Fatigue — Evolution of the crack

Stage | — Stage Il Stage |: propagation at 45°,
single path or “zig-zag”,
Forsyth ~1960 within a single grain (or

very few grains)

lenoth " thickness
Ly et

Stage |l

Faorce Stress range, Sr
l__.r'ﬁ"t _.-"f':‘“\._ i’
oSN A time
Force S

Single slip system
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Fatigue — Evolution of the crack

Stage Il: perpendicular
Stage | — Stage | propagation on many grains

Forsyth ~1960

.
="~y thickness
=N

Stage |

Stage Il

(a)

Force Siress range, Sr
{/ﬁ\ P '
- oA A ime
Farce R

Two slip systems
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Fatigue — Evolution of the crack

Stage Il propagation and striations (beachmarks)

{ﬂ} M—h—ﬂ

(c)

Fatigue Fracture with Beachmarks

. 2
STy
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Fatigue — Evolution of the crack

Stage | usually at Inclusions (or other defects) in commercial metals

Even subsurface
nucleation
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Fatigue — Evolution of the crack

Different possible

nucleation scenarios

Surface |

Crack-nucleating slip \ St i SRR

Motch or scratch

Tnternal delect
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Fatigue — Evolution of the crack

Stage lll is the final fracture, so called “Sudden” or “Unstable”

(W]
1 This can be
considered a
static fracture...

______
]
fffff

Origin of fracture

I [l 11
* a Fatigue Fracture with Beachmarks

Beachmarks
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Nucleation/ Propagation

What is the transition point from Nucleation to Propagation?
Stage | to Stage |l

1T mm

It does not matter

It depends on the inspection method

Crack size,a Load amplitude T X

?t [~ e e T T T
10 10° 10° 10* 10° 10° 10°

Number of cycles, N

A 4
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Nucleation/ Propagation

Nucleation to Propagation percentage of the entire fatigue life

Stress Amplitude {log scale)

A
\ .
N\ Crack Propagation
N Period
Lt -t
o S
g ] H "
graF“d'"'t'atm" No crack evolution
ero below the Fatigue Limit
S = Fatigue Limit |1 Design value
S -
-
Fatigque Life {log scale)
Crack size, a Load amplitude T X

? t -___T ________ L ____l____l____:___l L
10 10> 10° 10* 10° 10° 10°

Number of cycles, N
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Fatigue — Engineering viewpoint

Engineering approaches

Stress life (High Cycle Fatigue — HCF)
Strain life (Low Cycle Fatigue — LCF)

Fracture Mechanics (Damage Tolerant Design)
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Definitions

Stress

Stress life approach

e

¥ Tmin ,
Time

Tmin

—

h :

j 1o L
T 1
AL e VY

Y

o, = Mmean stress; o, = alternating stress (or stress amplitude)
Omax = Maximum stress; omip = minimum stress

O = (Omax + Tmin)/2 :

oq = (Omax — omin)/2 | AN

> Amplitude and mean
stresses
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Stress life approach

Definitions

. o .
Loadratio: R = 22
o

max

Ex.: Alternateload: R = -1

AAAN,
(default for testing) \/ \/ \/ \,’ Time

o
I
Repeated load: R =0 V\/W\/\/
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Stress life approach

S-N curves — Testing machines (historical)

Test specimen Flexible
9% R coup!ing

o Elw ¥
S e Wi
@ ﬁ 0.300° rﬁ

Revolution
counter

C‘_

Weights %‘
110-Volts AC

Moore rotating bending machine
4-pont bending load scheme

Homework:

Find the load cycle experienced

at the mid section of the specimen,
depending on the weight and sizes
of the specimen

Pisa, June 15 — July 14, 2015
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Stress life approach

S-N curves — Testing machines

Hourglass
specimen

Resonance based
Push-pull fatigue
testing machine
100-150 Hz

Ex.: RUMUL

\'-.I /

Very blunt notch,
Equivalent to a
plain specimen
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Stress life approach

Specimen shape for fatigue testing

Hourglass
specimen

Gauge length |
\ Very blunt notch, not required \ ™~ Stress

"l / Equivalent to a | concentration
n plain specimen -

Why is this

not a problem
Pisa, June 15 — July 14, 2015 21
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Stress life approach

S-N curves, or Wohler curve

>

Alternate

100+

stress, 6, -

80 - = Xgoes

60

Either Log or
linear scale 1

40 -

20+

Fit line, or S-N curve

Each point is a specimen
Several points at single load level
Some load levels

O
O
9 \
Runouts:

9 Specimens not broken,

0]

100 107 10 Test stopped at a specified
Log scale Il cyobs to fituro maximum number of cycles
Figure 9 Scatter in fatigue data EX.: 10 mi||i0nS (1 07)
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Stress life approach

Endurance limit, only for steels

Fatigue
Ergarance Limi for strength at 10°

1085 Stoel &

e -
Ler 45
\\.ru. =
L N
0 1 I i I B 1 1
1©0F 10 WF 10t 107 10Y 107 19 3
Number of cycles (M) ‘.E’E
@ 20
15F
Fatigue IR
strength at 108 — | i1l

P‘D: H ::'.::'.;u‘ 2 l:::l:‘:u’ 2 l::ll:‘l;. i3 2 22333 H :.‘::111:0. H :::::l‘:u.
MNumber of cycles
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How many specimens are required?

Standard ISO 12107

BRITISH STANDARD BS ISO
12107:2003

Metallic materials — 15 tests (minimum)
Fatigue testing —

Statistical planning
and analysis of data

' Exploratory research requires a minimum of 15 specimens to estimate the mean and the standard deviation of : S4
l the fatigue strength. Reliability data requires at least 30 specimens. !
200' -
10t 108 108 07

Number of cycles, N
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Stress amplitude, S, MPa

Large scatter of fatigue

Number of cycle/ Stress scatter

©
= 290
290 o |
%35 oo O Lol
280 El 280r o ooco
@
2 ©
7
270 2?0‘- [al- el
al MroN\O O O 0 3
260 2601 he7
16
—
250 250 o 18
T B 1 [ W I L1 [ I | 1 R N B | I S
10° 108 107 10 108 107
Number of cycles, N Number of cycles, N

Very uncertain design values, especially in terms
of Finite life Number of cycles to failure
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Design curve

Large scatter of fatigue

Fit line, 50% reliability

1.0 T T T T T T II| T T T TTT T T T T T T TT
0.9 —
DIB N . ]
- Standard deviation
k=) 0.7 ) Not broken™ |
~ .. Design curve, 8% 0030, o
= O . o . O
= higher reliability, WS 8@
05  ex.: 99%, or even 99.9 % o
Sn
0.4 | e e | Lol | A e e s, S N
103 2 4 6 104 2 4 6 10° 2 4 6 10° 2 4 6 f 107
Life N (cycles(log)) 5. — 05§,
(in ksi, §, = 0.25 - Bhn;
in MPa, §; = 1.73 - Bhn)

Pisa, June 15 — July 14, 2015

26



The Staircase method

Testing procedure for Fatigue Endurance

B

(=]

=]
T

o
[=}
(=]

Stress amplitude, S, MPa

200

1
107

Number of cycles, N

Numerical procedure to calculate
Mean and Standard Deviation

Table A.2 — Example of staircase test data

Stress

Sequence number of specimen

10 15

460 o*

for failure
for non-failure

not counted

Number of required
specimens: 15-20

Pisa, June 15 — July 14, 2015

27



Low Cycle/ High Cycle Fatigue

Different regions of the S-N curve HCF
Elastic
A 1 cycle = Tensile Test cyclic loading

LCF

Elastic-plastic
cyclic loading

G A

S, in a logarithm scale

w0
g

g

G r
low-cycle fatigue

V.
‘_,,..‘-"'" high-cycle fatigue A £

Fatigue Endurance/
Ultra-High Cycle Fatigue (UHCF)
o

10° 10°
N;, cycles to failure in a logarithm scale
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Low Cycle/ High Cycle Fatigue

S-N curve values for Steels

R=-1 A
[ S U low-cycle fatigue
N, =10, =5, 5
N. = 103 o ~09S _-E_ high-cycle fatigue
f s>~ TV Uu &
=
—10° L]
N =107, - S =0.5C,C,C, S,
o, =05CC.Ce Sy &
C.- Surface factor Fatigue Endurance
g-
C,: Gradient factor 108 g
CR: Rehablhty factor N;, cycles to failure in a logarithm scale

Pisa, June 15 — July 14, 2015 29




High Cycle Fatigue

- HCF .
Basquin’s law (HCF) Different forms, same law:

Ua = O-t{(sz)b

o low-cycle fatigue
S :
.E :.".-.'gh-cycfa fatigue
= b
: — o, = a( N f)
L. |
- |
= SDIE‘-' = =
@ :i i1 Fatigue i
LCF 1 HCF il Endurance L
t——————— 5 » o,=a(N;)*
1 10° 10°
Ny, cycles to failure in a logarithm scale k — _1 / b

a, b are material properties
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High Cycle Fatigue

Basquin’s law (HCF)

S, in a logarithm scale

A
low-cycle fatigue
S,mﬁ b
o, =a(N,)
See [77777 . —
1 1 atigue
LCF E HCF i Endurance
i ' -
1 10° 10°

N;, cycles to failure in a logarithm scale

Exercise:

Find the a, b parameters for the
Steel HCF line as function of the
Ultimate Tensile Strength and the
correcting factors Cy
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Low Cycle Fatigue

LCF requires the Strain life approach

S, in a logarithm scale

LCF, Elastic-plastic cyclic loading:
Limited Stress sensitivity
Remarkable Strain variation

low-cycle fatigue

high-cycle fatigue

Fatigue
Endurance

i 10° 10° AU — 20
N;, cycles to failure in a logarithm scale a
Agc =12¢g,
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Low Cycle Fatigue

Manson-Coffin law
Composition of two asymptotes:

Plastic Elastic (Basquin)
Plastic predominant

predominant
e' == = = = = = == == - I
W o I A
1 : i
e | 7
- Z
< |°' . >
s 91 4 &
3 E
a
g
g Ag,
& >
Ag =Ag, +Ag,
. In notched component, !
EAS may be found through

ithe Neuber'srule...
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High Cycle Fatigue

Mean stress effect, different models

|

Haigh’s diagram

Time

=
5
=]
-
[l

Stress
q
3
['1)
-
e
-‘_‘_‘—-_-_
"_Eq_-
ﬂ—hq—!'
N p—
q
3
B
q
3 }-F
5
— g —

>

Higher mean stress,
same alternate

Gerber

Soderberg

Oy Outs
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High Cycle Fatigue

Goodman’s line
Values from S-N
curve at R = -1

—

%]

= 4

- 04—

iigi

]

Fl == \
Ly }'jﬁ Eﬂ 0 Time
}1 .4.” -(—;j
A g
E s,
D 0
_f S
c 97
S
Ta
“Modified”
Goodman’s line A B
—a,, (compression) 0 o, (tension) .‘51
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Effect of Stress Concentration

Fatigue Stress Concentration Factor - K;

Y “ .
2 Experimental
e ] @ . mgw
‘ = definition:
t g
=
(a) Unnotched specimen z Sn
- Kf: T
x n
L,
| o
= =
. ° | | | |
] 103 104 10° 10° 10/
. Life N (cycles)
(b) Notched specimen (*) (c) lllustration of fatigue stress concentration factor, K;
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Effect of Stress Concentration

K < K,

7 A
Same stress at the surface,
apparently equal fatigue load

Calculated nominal stress S

10° 10° 107
I Life N (cycles)

-..‘
}_I
o
[#8]
—i
=
o

(c) lllustration of fatigue stress concentration factor, K;

In fact, fortunately:
S /K <S
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Effect of Stress Concentration

Oy

Why K; < K, ?

Process zone concept

|\+'
|j p

In other words, some finite volume of material must be involved for the fatigue
damage process to proceed. The size of the active region can be characterized by a
dimension &, called the process zone size, as illustrated in Fig. 10.3. Thus, the stress that
controls the initiation of fatigue damage is not the highest stress at x = 0, but rather the
somewhat lower value that is the average out to a distance x = §. This average stress
is then expected to be the same as the smooth specimen fatigue limit o,, so that k¢ is
estimated by

(average oy outto x =48) g,
= Sa - Sa

(10.2)

Pisa, June 15 — July 14, 2015

38



Effect of Stress Concentration

S, (ksi) and Bhn

Use these values with bending and axial loads | Steel
17 as marked

( Use these values with torsion

How to calculate K; e
The notch sensitivity factor ==
O Qe® =
q Kf _1 /////‘6:()0-96 ,..-“ Aluminum alloy (based on 2024-T6 data)
= — 4 05 -
[ -,
Kt _1 0.4 ?A////
7/
N 0317
(i
0.2
Kf :1+Q(Kt _1) 0.1'
% 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Notch radius r (in.)
0 0.5 1.0 1.5 2.0 2.5 3.0 35 40

Notch radius r (mm)

g ranges from 0 to 1 and it depends on the Notch radius
and on the material strength (Ultimate Tensile Strength)
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Numerical example

Step 1:
Rotating shaft
AlS| 4340, Calculate the material fatigue limit
S,=1000 MPa r=I1lmm
d=30mm Cs=0.7

i , C,=0.8
@. ............. _‘ ..... _.i ________ %g-"""_ CR :0814

= ) ” —
D =35mm L =270mm S
— Pu _
Fo300N S = CsCoCu = =228MPa
Calculate the margin with
respect to the fatlgue \\ R.C. Juvinall, K.M. Marshek, Fundamentals of
endurance “._ Machine Component Design - Wiley 2011
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Numerical example

Step 2:
Rotating shaft
AlS| 4340, Calculate the bending nominal stress

S,=1000 MPa r=I1lmm \
d=30mm M =FL=81x10"Nmm=81.0Nm

@_ _____________ [ w=""a% =2.65x10° mm
i | 32

« . M

D=35mm ; _ 5790 O'HZW:ZSIMPa
F=300N
Calculate the margin with
respect to the fatigue \
endurance AN

Pisa, June 15 — July 14, 2015
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Numerical example

Step 3:
Rotating shaft
AlS| 4340, Calculate the Stress Concentration Factor
S,=1000 MPa r=I1lmm
d:30mm BB T T ||||||||||||
! ! r o 207 P
) A — L ] 5=0033 K Vb [ Tg=eC
: ‘ 22 A \{\\ P _ 4P |
" « - 2 _ 2.0 — M\ R S N
D=35mm ;' 570mm it e AR ”\\:\1\:\\\\
_ — 16 \ N \}::-:1““'““_ Dld =2
F=300N bk P~ \\_\R —— -
t — & — — 12
Calculate the margin with 12 T T o1
respect to the fatigue 0 or 02 0.3
endurance

R.C. Juvinall, K.M. Marshek, Fundamentals of
Machine Component Design - Wiley 2011
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Numerical example

Step 4:
Rotating shaft Calculate the Fatigue St. Conc. Factor
AlISI| 4340, S :
_ _q Bhn = —% =290 (Brinell)
SU - 1000 MPa r=1mm 3 45 yUse these values with bending and axial loads } St<’=‘(‘3| :
d — 30 mm . ‘FUSE these values with torsion gg rﬁ:kggd Bhn
: q = 0.85 ' | 005““" 180 (360 Bhn)
i A 0.00— (S
[ o 4)3 I . _—— =
v " " Kf — 0.7 S e e
= “““ - - o8 / 00’106““ = Aluminum alloy (based on 2024-T6 data
D 35 L:270mm I—I—q(Kt —1) q 0.5 ‘/’/?;60\:0, y ( )
F=300N =198 /
o2 'l !

Calculate the margin with

respect to the fatigue 0 0.02 0.04 0.O6N0tCh rgao,i,(m_)o'w 0.12 0.14 0.16

end u ra nce 0 0.5 1.0 1.5de"I raﬁﬁg . (mm)2.5 3.0 35 4.0

R.C. Juvinall, K.M. Marshek, Fundamentals of
Machine Component Design - Wiley 2011
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Numerical example

Step 5:
Rotating shaft
AlSI 4340, Calculate the Safety Factor
S,=1000 MPa r=I1lmm
d =30mm S S

n

@S _____________ -~ Feoa=38

: ) _ SF >1, Ok!
D=35mm ;570 mm
F=300N
Calculate the margin with
respect to the fatigue \
endurance
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Singularity for vanishingly small radius

K, = (= 0)x K (- 0) =2

Use these values with bending and axial loads | Steel
17 S, (ksi) and Bhn

Use these values with torsion

as marked
T TTT | ' T TT1 I T T 1T | T T T | ' T TT 1.0 I T T T T
2.6 ‘\ . T — | jo0 B 180 (360 Bhn)
LY P y P |
2.4 \ s d B—D‘ — —
: \\}\ onom =2 = 2P —
A 2 |
2.0 \\ \\\::_\ wd o / /f//ec?oooﬁf‘jx" Aluminum alloy (based on 2024-T6 data)
1.8 — '
\ \\"\\*\.“ 0.4 II/A //,
S — 717
\ \“'h.. "‘--._______-‘--._ /,-D.r’d:Z 03, 7
14—\ ~ ——" 15 ¥
\ ""‘-....____“--__ _"""--..________-__-_-_ 12 02' 7
1.2 1.0 0.1
—1.01 5
= e — 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0 P I 0.1 0.2 0.3 —— Notch radius r (in.)
rid 0 0.5 1.0 1.5 2.0 2.5 3.0 35 40

Notch radius r (mm)

qg—0
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Singularity for vanishingly small radius

p, in.

10° 107 10°
10 1 | 1 1 T T || 1 1 1 1 1T

Mild steel, AISI 1015

The limiting (» — 0) 8 o m AN by 127 mm _
value for K, is finite, o [T Srerem

k

but how tocalculate? = sf

K, (thearetical)

Notch Facto

)_—{)'——_.
g =C=o 2

2 k¢(test data)

. \ \ i |
hanicCs :
FraCtUre MeC o [ R S | L | TR !
| 0.03 0.1 0.3 1 2

p, Notch Radius, mm
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