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Historically, even as progress was made, dramatic failures continued to prove
the need for continued study. A few notable examples that can be readily researched
for details include the following: Versailles railroad axle (1842), Liberty ships
(1943), multiple de Havilland Comet crashes (1954), Kielland o1l platform collapse
(1980), Aloha B737 accident (1988), DC10 Sioux City accident (1989), MD-88
Pensacola engine failure (1996), Eschede railway accident (1998), GE CF6 engine
failure (2016).



SN RPNREETR me&a l).>|‘5>|,b @

s

B A 57 iP5 e ged s

Yl
.;,"/:»V a"‘“f” v’c// ~/’fr i J’»J/L

6—-3 Crack Nucleation and Propagation

Fatigue failure is due to crack nucleation and propagation. A fatigue crack will initi-
ate at a location that experiences repeated applications of locally high stress (and
thus high strain). This 1s often at a discontinuity in the material, such as any of the
following:

* Geometric changes in cross section, keyways, holes, and the like where stress con-
centrations occur, as discussed in Sections 3—13 and 5-2.

* Manufacturing imperfections such as stamp marks, tool marks, scratches, and burrs;
poor joint design; improper assembly; and other fabrication faults.

* Composition of the material itself as processed by rolling, forging, casting, extru-
sion, drawing, heat treatment, and more. Microscopic and submicroscopic surface
and subsurface discontinuities arise, such as inclusions of foreign material, alloy
segregation, voids, hard precipitated particles, and crystal discontinuities.
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Figure 6-1

Fatigue failure of a bolt due to repeated
unidirectional bending. The failure
started at the thread root at A,
propagated across most of the cross
section shown by the beach marks at B,
before final fast fracture at C. (From
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An idealized S-N diagram
for steels.
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[ EXAMPLE 6—-2

Given a 1050 HR steel, estimate

(a) the rotating-beam endurance limit at 10° cycles.

(b) the endurance strength of a polished rotating-beam specimen corresponding to 10* cycles to failure.
(c) the expected life of a polished rotating-beam specimen under a completely reversed stress of 379 MPa.

Solution
(a) From Table A-20, S,, = 620 MPa. From Equation (6-10),

Answer 5. =0.5(620) = 310 MPa
(b) From Figure 6-23, or Equation (6-11), for S,, = 620 MPa, f ~ 0.86. From Equation (6-13),

_ [0.86 x 6207
4= 310

= 917.10 MPa

From Equation (6—14),

1 0.86 x 620
b=—1log
310

l = —-0.0785
3

Thus, Equation (6-12) is
S;=917.10 N07®
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9, = Ka Ky KKK, S

€

Se = kgkpk ok gkoS;
k, = surface factor
k;, = size factor
k. = load factor
ks = temperature factor
k. = reliability factor
S, = rotary-beam test specimen endurance limit

=09 D¢t

5. = endurance limit at the critical location of a machine part in the
geometry and condition of use
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Table 6-2 Curve Fit Parameters for Surface Factor, Equation (6-18)

Factor a Exponent
Surface Finish S, kpsi S... MPa b
Ground 1.21 1.38 —0.067
Machined or cold-drawn 2.00 3.04 —0.217
Hot-rolled 11.0 38.6 —0.650
As-forged 12.7 54.9 —0.758

-[ EXAMPLE 6-3

A steel has a minimum ultimate strength of 520 MPa and a machined surface. Estimate k.

Solution
From Table 6-2, a = 3.04 and b = —0.217. Then, from Equation (6-18)

Answer k, = 3.04(520) " =078

kmﬂo-q— r'o% W‘ \/l-(/ JL/’/J
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C (d/03)"17 = 087947 03<d<2in

0.91d7%"7 2 <d<10in
(d/7.62)™"197 = 124477 7.62 <d <51 mm
1517 51 < d <254 mm

Ky, = \ (7S
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-[ EXAMPLE 6-4

A steel shaft loaded in bending is 32 mm in diameter, abutting a filleted shoulder 38 mm in diameter. Estimate
the Marin size factor &, if the shaft is used in

(a) A rotating mode.

(b) A nonrotating mode.

32

Solution
(a) From Equation (6—19)
4\ 0107 39 \ 0107
Answer Ky = (—) = ( = 0.86
7.62 7.62

(b) From Table 6-3,
d,=0.37d =0.37(32) = 11.84 mm

€

From Equation (6-19).

50 o et
Answel ky = (—) =005
7.62

VTN
A 780D Hassnsh Ky JU’/’
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St/ Sgr=0.98 4+ 3.5(10" )T, — 6.3(107 )T = Q“C(
Sr/Ser=0.99 + 5.9(10"HT- — 2.1(107°)T¢ (gv-‘t)
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-|- EXAMPLE 6-5

A 1035 steel has a tensile strength of 551.58 MPa and is to be used for a part that operates in a steady tem-
perature of 398.89 C. Estimate the endurance limit at the operating temperature if

(a) only the tensile strength at room temperature is known.

(b) the room-temperature endurance limit for the material is found by test to be (5;),- = 268.89 MPa.

Solution
(a) Estimate the tensile strength at the operating temperature from Equation (6-26),

(S1/Spr)0850- = 0.99 + 5.9(107%)(398.89) — 2.1(10~°)(398.89)" = 0.89

Thus, (S, )30850° = (S7/Spr)750°( Sy @ 0.89(551.58) = 491.57 MPa
From Equation (6—10), 2)
Answer (S,.)308.50° = 0.5(S,,)395.589- = 0.5(491.57) = 245.78 MPa

and use k; = 1 since this is already adjusted for the operating temperature.
(b) Since the endurance limit is known at room temperature, apply the temperature factor to adjust it to the
operating temperature. From Equation (6-27),

kg = (Sr/Sgrr)398.30- = 0.89
Answer (S,)308.50° = k(S5.)7- = 0.89(268.89) = 239.64 MPa
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Table 6—4 Reliability Factors k, Corresponding to 8 Percent Standard
Deviation of the Endurance Limit

Reliability, % Transformation Variate g, Reliability Factor k,
50 0 1.000
90 1.288 0.897
95 1.645 0.868
99 2.326 0.814
99.9 3.091 0.753
99.99 3.719 0.702




O 95 ol ;XSS S LS
s S gt Juad 321 (> 5o



Ot g5 ol 135 S oSy iy b N3] o>y @

%C = l<c\ kL I<é /<<i(r ktJSC

1
‘ :

Ve

6e;k°\kil)gt o
0‘3 /\'()) kwij}éf//w

Sc Z oD X0 Y xo5 Sud =232 Sq+



OmeS (yaol S0 oS Sl 1l Juad Ny b

.|- EXAMPLE 6-6

A 1080 hot-rolled steel bar has been machined to a diameter of 25.4 mm. It is to be placed in reversed axial
loading for 70 000 cycles to failure in an operating environment of 343.33 °C. Using ASTM minimum prop-
erties, and a reliability for the endurance limit estimate of 99 percent, estimate the endurance limit and fatigue
strength at 70 000 cycles.

Solution
From Table A-20, §,, = 772.21 MPa at 21.11 C. Since the rotating-beam specimen endurance limit is not known
at room temperature, we determine the ultimate strength at the elevated temperature first, using Equation (6-26),

{ST;’S,W: 0.99 + 5.9(107%) x 343.33 — 2.1(107") x 343.33% = 0.9450
The ultimate strength at 343.9?% is then
(8 )asz 33 = (8¢/Spr)assza-(Sy)ar- = 0.945(772.21) = 729.75 MPa
The rotating-beam specimen endurance limit at 343.33 °C is then estimated from Equation (6-10) as
S, =10.5(729.75) = 364.88 MPa
Next, we determine the Marin factors. For the machined surface, Equation (6-18) with Table 6-2 gives
k, = aS., = 3.04(729.75)"%*'" = 0.73

For axial loading, from Equation (6-20), the size factor k, = 1, and from Equation (6-25) the loading factor
is k. = 0.85. The temperature factor k; = 1, since we accounted for the temperature in modifying the ultimate
strength and consequently the endurance limit. For 99 percent reliability, from Table 64, k, = 0.814. The
endurance limit for the part is estimated by Equation (6-17) as

Answer S, =k kp k. kik, S,
=0.73(1)(0.85)(1)(0.814)364.88 = 183.55 MPa
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(6-33)

where r is the notch radius. For convenience, we can combine Equations (6—32) and

(6-33), giving

(6-34)

The Neuber constant is experimentally determined for each material. For steels,
it correlates with the ultimate strength, and can be represented with the following

curve-fit equations in both U.S. customary and SI units.
Bending or axial:

Va=0.246 — 3.08(107°)S,, + 1.51(107)S%, — 2.67(107%)S;,
Va=124—-225107)8, + 1.60(107%)S5, — 4.11(107"%)S;,

Torsion:
Va=0.190 — 2.51(107)S,, + 1.35(107°)S, — 2.67(107%)S.,
Va=0.958 — 1.83(107)S,, + 1.43(10°9)8, — 4.11(107'") 52,

50 < S, < 250 kpsi

340 < S,, < 1700 MPa
(6-35)

50 < S, < 220 kpsi

340 < §,, < 1500 MPa
(6—36)

_-,\'/aé'!
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-|- EXAMPLE 6-7

A steel shaft in bending has an ultimate strength of 690 MPa and a shoulder with a fillet radius of 3 mm
connecting a 32-mm diameter with a 38-mm diameter. Estimate Ky using:

(a) Figure 6-26.

(b) Equations (6-34) and (6-35).

Solution
From Figure A—15-9, using D/d = 38/32 = 1.1875, r/d = 3/32 = 0.093 75, we read the graph to find K, = 1.65.
(a) From Figure 6-26, for S,, = 690 MPa and r = 3 mm, g = 0.84. Thus, from Equation (6-32)

Answer Ki=1+qg(K,—1)=1+0.84(1.65- 1) = 1.55

(b) From Equation (6-35) with S,, = 690 MPa, Va =0.314vVmm. Substituting this into Equation (6-34)
with r = 3 mm gives

K -1 1.65 — 1

Answer K=l+——=14+—""—"—=1.55
nswer / | + Va/r ] +{].3l4
V3
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-[ EXAMPLE 6-8

Figure 6-28a shows a rotating shaft simply supported in ball bearings at A and D and loaded by a nonrotating
force F of 6.8 kN. The shaft is machined from AISI 1050 cold-drawn steel. Estimate the life of the part.

Figure 6-28 A B 68kN C D
(@) Shaft drawing showing

- 50 2= 75 1O —fe— [ 25 —>
all dimensions in millimeters;

all fillets 3-mm radius.

(b) Bending-moment diagram.

|
i

10— [=—

>

L
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L
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S’ = 0.5(690) = 345 MPa
From Equation (6—18) and Table 62,
k, = 3.04(690)""*"" = 0.74
From Equation (6—19),
k, = (32/7.62)™17 = 0.86
Since k., = k; =k, =1,
S, = 0.74(0.86)345 = 220 MPa

7 Sl

V'((dg} _—:_,7 =095

_ (fSw)’  [0.85(690)F°
S, 220

da = 1564 MPa

b=—1log S = ——log 270 = —0.1419

1 ( fsm) 1 [{},85{69{}}
3 ] 3
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Stmess

Omin = MINIMum stress o, = mean stress, or midrange stress
Opax = Maximum stress o, = stress range
o, = alternating stress, or

stress amplitude

The following relations are evident from Figure 6-29d. These were defined in
Section 6-7 and are repeated here for convenience:

G .. — O
(}‘a — TN 2 min {5—8}
3 + 4
J”‘ — max min {5_9}
2
In addition, the stress ratio is defined as
J -
R =—" (6—-37)

\'/aé'!
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-[ EXAMPLE 6—12

For the part shown in Figure 6-37, the 76-mm diameter end is firmly clamped. A force F is repeatedly applied
to deflect the tip until it touches the rigid stop, then released. The part is machined from AISI 4130 quenched
and tempered to a hardness of approximately 250 HB. Use Table A-23 for material properties. Estimate the
fatigue factor of safety based on achieving infinite life, using each of the following criteria. Compare the results.

(a) Goodman (b) Morrow (c¢) Gerber

M _ I AT

-1

?El.i—mmdia fq' T KM
|R . | dpe St
/ 25.4$mm 14 5 \_4%

f f/ 3.175 mm S%_\ = ?6\5 M Pc\

A

406.4 mm - ée . qub (o S S-«.-‘)
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Equation (6-18): Machined k, = a(S,)” = 3.04(985)""*" = 0.70
Equation (6-23): Nonrotating round d, = 0.37d = 0.37(25.4) = 9.398
Equation (6-19): k&, = 1.240d~°"" = 1.240(0.37)"*'"” = 0.98

Equations (6-10) and (6-17): S, = (0.70)(0.98)(0.5)(895) = 304 MPa

£ = 22 &R,
d 4
— - r\d
}%: %'tlg 9 I .(4/

Te ’
3 3§ BT 3435l EL

% = ;L = ‘: = T - _—
—e— Maa Lg L3
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(c) Gerber
Equation (6—48):

=3 () e+ ()]

_l( 895 ) ]386 " \/1 2(1386)(303?}) ‘ _ 1.08
-~ 2\138.6 3{]3? * + (895)(138.6) '

Answer

- . 6-0 ¢ 6-10 (4-4 O/Co(/c.:/

g b
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b1, 6ute .69 J‘}’J":‘.’/jf?"dg

Altemating stress, o, (MPa)

el Ex. 6-10

x"/‘ load line
C

Ex. 6-11
fatigue load line

413.68 +
Ex. 6-11 S, {_A' Ex. 69
ield load line load line
o : 27579 B |
c T
137.89 1 \ B
+1 +
5 5..;

1 | 1 i 1 5 i 1
—551.58-413.68 -275.79-137.89 7 137.89 27579 413.68 551.58 Y689.47
Mean stress, o (MPa)
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Idig P (Kc] =1 5/ TSy
- oneal] '

"3'- = {[(K.l‘)bendnw( r[))hendmL + (Kj)d‘u 11( r[.‘J)mal] + q[( )trzrrr;im('1'-{:{21\f'mmiun]zI }”2
(6—-66)

Op = { [(Kf)hendnw(gm[:l)hendmu + (K,l‘) 1'{ml(ﬁm{3} axi 11] + 3 [ (st)mrhmn(fm{il)mnmn] } '/2
(6—67)

-),JJJ-JC/f.’&W” ol ("’/“u’«/‘/ L e

S\<Kf 5;., * 3(\%5 _C_o.,_.,) X
i(K e | *’ 3(“?5 ) ‘S/z
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-|- EXAMPLE 6-17

A shaft is made of 42- X 4-mm AISI 1018 cold-drawn steel tubing and has a 6-mm-diameter hole drilled
transversely through it. Estimate the factor of safety guarding against fatigue and static failures using the
Goodman and Langer failure criteria for the following loading conditions:

(a) The shaft is rotating and is subjected to a completely reversed torque of 120 N + m in phase with a com-
pletely reversed bending moment of 150 N - m.

(b) The shaft is nonrotating and is subjected to a pulsating torque fluctuating from 20 to 160 N * m and a
steady bendif@ moment of 150 N - m.

M A — 2\ M 12
K"“GM"(JB

y =

Cl) T; - \2 0, 1 =0 A2/

/VLQ-._ \60 7 /\/\M:a

b) \pvaw = Mo o it Ta_:\éo—'l" -t
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Table A-16 Approximate Stress-Concentration Factor K, of d/D

a Round Bar or Tube with a Transverse Round Hole and e a5 9
Loaded in Bending a/D B B B
0.050 0.92 2.63 0.91 2.55 0.88 | 242
- a |- 0.075 0.89 2.55 0.88 2.43 0.86 | 235
w 0.10 0.86 2.49 0.85 236 | 083 | 227
U 0.125 0.82 2.41 0.82 2.32 0.80 | 2.20
= a 0.15 0.79 2.39 0.79 2.29 076 | 2.15
M M 0.175 0.76 2.38 0.75 2.26 072 | 210
0.20 0.73 2.39 0.72 2.23 0.68 | 2.07
The nominal bending stress is 6y = M /Z,, where Z,, is a reduced 0.225 0.69 2.40 0.68 2.21 065 | 2.04
value of the section modulus and is defined by 0.25 0.67 242 0.64 2.18 0.61 2.00
0.275 0.66 2.48 0.61 2.16 0.58 | 197
Zoo = ﬂ(ff —d% 0.30 0.64 249 0.58 2.14 0.54 | 1.94

- 32D

6 _ ‘4 I :U'lq
Ob/;-bl/—-O' —

Ky

«

34
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Table A-16 Approximate Stress-Concentration Factors K,, for a Round Bar or Tube Having a Transverse

Round Hole and Loaded in Torsion (Continued)

The maximum stress occurs on the inside of the hole, slightly below the shaft surface. The nominal shear stress is 7y = TD/ 2/,
where J,,., i1s a reduced value of the second polar moment of area and is defined by
_ mA(D* - d%)

J
et 32
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k, =3.045%"7 = 3.04(440)"""" = 0.81

tor 1s

ﬂf —0. 107 4,2 —0.107
kp= | —— = | —— = (.83
b (?.ﬁz) (?.52)

11 unity, so the modified endurance strength S, is

S, =0.81(0.83)220 = 148 MPa

(a) Theoretical stress-concentration factors are found from Table A—16. Using a/D = 6/42 = 0.143 and
d/D = 34/42 = 0.810, and using linear interpolation, we obtain A = 0.798 and K, = 2.37 for bending; and
A = 0.89 and K,; = 1.75 for torsion. Thus, for bending,

7(0.798)

may 4 — 3 3 3
Zo = SZD( d’)i= W(‘i ) — (34)* = 3.31(10°) mm
and for torsion
Joi= (D‘ —dY = g[(42} — (34)"] = 155(10°)mm*

32
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Ki=1+4+gqg(K,—1)=1+078(237—-1) =207

Ky=1+081(175— 1) = 1.61 2 ‘];_.:\ 20
150 ) Y
O = Kj— = 2.07 —— = 93.8(10°)Pa = 93.8 MPa
Zoe 3.31(107°) -
i =9
=K 1D = 1.61 120(42]“0_3) —262(1'[}6]13 = 26.2 MP
T e 2015507 T e

omponent o, 1s zero. The alternating component o, is given by
o, = (0, + 31,,,)"/* = [93.8° + 3(26.2°)]'/> = 104 MPa

ersed loading, the fatigue factor of safety ny is

ctor of safety is
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-— -
‘q_.: ta Vo= Qs /\AM- \50 0 /V\Qvo
T.D 70042)(107) )
Trya = K = 1.61>— ——= 15.3(10°)Pa = 15.3 MPa
-- 2] e 2(155)(107%)
T,D 9042) (1072
Toym = Ky —— = 1.61C ) _9) = 19.7(10%)Pa
) 2J 2(155)(107%)

s component &, 18

i

2.07 — 93.8(10%)Pa
Z 3.31(107%) (10°)

Oym — Kf

nponents &, and &, from Equations (6—66) and (6-67), are

o/, = [3(15.3)71"% = 26.5 MPa
o = [93.8° + 3(19.7)%]'/* = 99.8 MPa

_(g; g;,)-l_(zﬁ.ﬁ 99.8)‘]_246
=\s s ) T\1a8 Ta0) T~

&)

s
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