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Fig. 1. Survey of the various aspects of fatigue of structures (1.

Fig. 17. Sample of a load history applied in ﬂxght-sxmmanon .thtigue
tests. Five flights are shown with gust loads corresponding to different
weather conditions.
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Fig. 14. The effect of overloads (OL) on fatigue crack growth in
sheet specimens of the 2024-T3 Al-alloy [74].

Fig. 6. Different phases of the fatigue life and relevant factors.

1 padod = 500 000 eycles

Fig. 18. Block-programme fatigue test introduced by Gassner [89].
CA-load cycles in each block. Blocks in a low-high-low sequence of
the amplitude.
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stlegel (NACA TN 2324, 1951). Regions of low-cycle and high-cyc!

fatigue.
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Fig. 3. Correspondence between striatios and load cycles dur:;i
f;ﬁgue crack giowth in an Al-alloy specimen (picture Nat. Aerosp:
Lab., NLR, Amsterdam).



Figure 14.9 'Dmeg accumulation, in a high-to-low loading sequence.
(Adapted with permission from B. 1. Sandor, Fundamentals of Cyclic Stress
and Strain (Madison, W1: Uriversity of Wisconsin Press, 1972)

Figure 14,11 Well-developed maze structure, showing dislocation wali.s. on
{100} in Cu-Ni alloy fatigued to saturation. (From P. Charsley, Mater. Sci. &

Eng., 47 (1981) 181)
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Figu-2 14.13 SEM of extrusions and intrusions
in a copper sheot. (Courtesy of M. Judelwicz
and B lschiner}




: (Iauyosy] 'g pue
zowm[apnf ‘N Jo Asa1no)) 129ys 1oddoo & wm
SUOISILIJUL PUE SUOISNIIX? JO WHS €T'pT 2431y

(181 (1861) L¥ “Sud

2 ‘108 W 19 . angney Aofje IN-1D Ul {001}

o ‘KarsIen) ‘d WOLY) ‘uoneimes ol panst ‘ : '}

u ?soula:flt'x’oueo;[mp Surmoys ‘21njonns azeul padoeadp-lPm TT'VE a3y
o ! ; / :

. (Loz(8Len) g¢ “Sug % 18
42wy IqeIgsSnA H 101yy) difs a[3urs 10j paruatzo reddos jo [eskio ofSurs
© 10] 2AIMD WIEIIS-SSAMS JMIAD) (q) (TeIyS “[f puUe UewWIoop ¥ i Jo Aso)
-In0D)) "2eJIns Ay mojaq wil ¢/ uaye) sem [1oj uryy Ay, Z[ L] jo Aouanbary
e je pue amjeradwa) wool je Sulpuaq 2SIADX UI N0 pauIed Sumdny
-8 'S3[24d (O] X € 10] »_ 01 X +'9 Jo apmyydure urens [e10) & 18 panfney 1od
-doo suressf1Ajog -2mionms wroa ur spueq difs Juaisisiag (v) (rpy 2ansy L

o | (@
z-0! ¢-0l -0l g-9l
L 1 T ‘ oY 0
I 1 d
- | 8sd"Idp PWhdy /1o
| | .
1 | 5
il i : 402 =
| 3 o
" ' doe
gl
i | —ov
b sgsd fq poqdnstmo
8Sd; woijon1y BWNjOA
| 1 1 |




1 1
Volume fraction fpsg
' \ occupied by PSBs ¢ *
a0} o O%ctP s by PR 100 % .

5:‘9_7’7 L N 5.

e

0 Lk :
10-3 Tolael Tolk i0-2

(b) Yol

Figure 14.10 (a) Persistent slip bands in vein structure. Polverystailine cop-
per fatigued at a wotal strain amplitude of 6.4 < 10 *for 3 = 10 cycies Fu
tiguing carried out in reverse be nding al room temperature and at a
frequengy of 17 Hz. The thin foil was taken 73 wun below the surface, (€ our

tesy of 1 R. Wecriman 4

wd H. Shirai} (b Cvehic stress-sthyan curve for @
single crystal of wopper
o A Eae %5 00T

iented tor single shp CAlter H. Mughrabi, Mater

Pigare id.13 SEM of extrusions and io
in a vopper sheet. (¢ ourtesy ol . Jud

1 HHschner)
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Figuze 14.10 (a) Persisient slip bands in vein structure 'Pul),crwl‘aﬂma COf-
. per fatigued al a total strain amplitude of 6.4 X 10-4 for 3 X 1 eyeles. Fa
ilguing carried out In reverse bending al room temperature and at a
frequency of 17 Hz. The thin foil was taken 73 um below the susface. {Cour-
tesy of J. R. Weertman and H. Shirai) (b) Cyelic stress-strain curve for a
single crystal of copper onented for single ship { After H. Mughrabi, Maies
Sci. & Eng., 33 (1978) 97
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Fig. 5. Slip bands on 0.097 C steel specimen with V-shaped notch. Sa

I8

(d)

ffect of increasing stress level on the

ance of slip markings in pure aluminum at a

(c)
E

16. E

Fig.

appear

Su = (a)
(¢c) £1.34

of cycles, 0.25 X 10"

number
4+0.73  kg/mm?

constant
kg/mm?, (d) 1.

(b) £0.93  kg/mm?,

4 kg/mm?.



- 17 '
L L _,_,l_j == S-N diagram a
’E : % o= ==o Formation of the
£ 25 | | : first slip lines
< . | N e | L
@a \_ | . L [
+1 x| = ! ™
2 N N B
\\n m\ |
8 o ! ;
E i B ——
e L - -
2 15 ——— I ;
2 \ — === = s
g ! e s o
! ] =
10 ] l 1 \ 1 I |
10° 0t 10° 10° 107 o

Number of cycles
Fig. 3. Occurrence of the first slip lines on unnotched flat speci-

mens of 0.09, C steel.
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TABLE 17-1 Types of Loading*

- LOAD STRESS DISTRIBUTION EXAMPLES
4_:}-—. tensile test bars
' Tension cables
Axial
-~ - == short columns
Compression
| compression ' s
A i T Neutral .
— - - — axis Beams
Simple tension
Bending
tension
R S——") - Neufral
Z e c—— me Root of gear teeth
Cantilever s— > QXis X ge
compression
Neutral oxis

) ) - shafts
Torsional - '( }" 5 coil springs

shear
. rivets
Direct shear ‘—:‘E: @ bolts
shear :
: Qaries with roller bearings
Contact d‘eptvhla,nd force asar ieeth
direction
*From D. J. Wulpi, “How © ts Fail,” Amgrican Society for Metals, Metals Park, Ohio, 1986.

I’ S Time —»
(a) ' (6

Time —»

()
Fig. 17-7 The basic fatigue stress conditions. (a) Reversed
stress, (b) unidirectional stress, (¢) unidirectional stress with
a preload.

Fig. 17-8 The piesence of “beach marks" usually indicates
that failure was caused by fatigue. Here fracture began at

a discontinuity (arrow). (Courtesy of D. J.“Wulpi, Inter-
national Harvester Company.)



Alu 7 Residual Stresses Caused by Manufacturing Operations*

TENSILE COMPRESSIVE
STRESSES STRESSES .
Welding- Nitriding Carburizing
Grinding Shet peening Rolling,
Straightening Flame and induction Casting |
hardening A’ rsiv:. metal cutting
Heat and quenching (tensile siresses
Single-phase mate " Is most common)
. Nonabrasive metal
cutting
Heat and quenching
" materials that

underrc phase
transf~-mation
. (tensiie siresses
. most common)

*From “Macrine Design,” The Penton Publishing Co., Clevel nd, Oct. 16, 1969.

Tensile surface

™ Crack

)

Compressive surface

Tensile surface

Compressive surface

Fig. 17-28 Bending fractures usually develop on surfaces
and normal to the stress direction. Sharp fillets concentrate
bending str ing cracks to develop more rapidly.
Arrows indicate bending direction. (From D. J. Wulpi,

“How Components Fail,” American Society for Metals,
Metals Park, Ohio, 1966.)

Sng_st% No stress concenfration | Mild stress concentration High stress concentration
condition - n - - .

Low High Low High Low High
Case overstress overstress overstress overstress overstress overstress

One - way
bendir lood

T v0-woy
bending load

&

Reversed bending
and rolation load

~

®

Fig. 17-27 Fracture appearances of bending-fatigue fail-
ures. Final fracture zones are shown as crosshatched areas.
(From Machine Design, The Penton Publishing Co., Cleve-
land, Nov. 27, 1969.) .
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Figure 14.1 Schem tic representation of a fatigue frac 1 e surfac: m a steel
shaft, showing the initiz. “on region (usualls at the surface), the propagation
of fatigue crack (evidenc:1 .y beach markings), ard .atastrophic rupture
when the crack lengt . exceeds a cr tical value at the applied stress.




Final
Rupiure

Direction of Rotation
Fig. 17712 The offsetting effect of rotation on tia 70,12 df
final fracture reveals the direction that the shaft rotated
during operation. (Courtesy of D. J. Wu!pi, International
Harvester Company.) .

Fig. 17-17 Fatigue cracks tend to follow paths of maximum
stress concentration. Circular lines indicate stresses. In
splines and keyways, the stresses concentrate at inner
corners. (a) Spline, (b) keyway. (From D. J. Wulpi, "“How
Components Fail,” American Society for Metals, M .tals
Park, Ohio, 1966.)

Fig. 17-10 “Ratchet marks™ around edges of fatigue
failures indicate that ir2ciure began at several points.
(Courtesy of D. J. Wulp., International Harvesier Company.)

‘plure area

/

Fatigee-
areq
Origin

(@) (6)

Fig. 1716 The degree of notch sensitivity affects the
manner in which beach marks develop. In notch-sensitive
alloys, ~uch as high-strength sieel, these marks curve away
from the source of failure (left). The reverse is true in
notcn-insensitive material (right). (From D. J. Wulpi, “"How
Components Fail," American Society for Metals, Metals
Park, Ohio, 1966.)

Fig. 17-14 Sectional valve bonnet showing crack which
originated at the sharply machined corner. (From R. D.
Barer and B. F. Peters, “Why Metals Fail,” Gordon arid

Breach Science Publishers, New York, 1970.)



Fig. 17-29 This 1050 shaft, 1.94 in. in diameter, broke in
reversed bending fatigue. A sharp fillet concentrated the
b'ending stresses, causing a crack to develop on opposite
sides with final fracture in the middle. (Courtesy of D. J.
Wulpi, International Harvester Company.)

Fig. 17-30 Some rotating bending-fatigue failures hegin
beneath surfaces. In this induction-hardened axle shaft,
fracture started at A and moved into the cross section,
meeting another subsurface crack that started at B, result-
ing in final fracture. (Courtesy of D. J. Wulpi, International
Harvester Company.)
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Figore 14.17

¢ stratons wn 2014-T6 aluminem 3

W IWO-STagc car-

vod in TEM. (a1 Barly stage. (b Late stage. (Courtesy of

FIGURE 13.11 Electron fractographs revealing fatigue striations found on fracture

surface and within macroscopic bands (Figs. 12.1, 12.3, 13.42). (¢) TEM, constant load

range; (b) SEM, constant load range: (c) TEM, random loading; (d) TEM, ductile stria-

’ , tions.2: (¢} TEM, brittle striations.”? (Reprinted with permission of the American Soci-
ety for Testing and Materiais from copyrighted work.)




Figure 14.17 Fatiguc stnations i
in TEM. {a) Early stage. (b) Laie stage. (Couriegy G

hon replica viewe
J. Lankford)
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Fig. 14. Microfractograph of a fatigue rupture surface of
mild steel (rupture in 0.64 X 10

kg/mm? direct stress).

cycles under 12 % 19

Fig. 15. Microfractograph of

0.27 X 108 cycles).

a fatigue rupture surface of
duralumin (alternate bending, +7 kg

Hio

18

/mm?, rupture

————————————————————
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S 10 K I
. Fig. 16, Microfractograph of a fatigue rupture surface of
18-8 stainless steel (direet stress. == 23 kg/mm?®, rupture in
77,000 eycles).

- ST

10 :
Fig. 17. Mierofractograph of a fatigue rupture surface of
18-8 stainless steel (rotating bending, &= 24 kg/mm?, rupture
in 0.87 X 10° cycles).
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Mirrafractnoranh of a fatisne runture surface of mild steel




