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Fatigue failure
Notches and stress concentrations

[0 Master Examples 6-1 and 6-2: estimating S-N diagrams

[ Master Example 6-3: determining fatigue stress-concentration
factors
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Fatigue failure
Notches and stress concentrations

0 Notches introduce stress-concentrations. See
lectures 07-08, 13, and 14

Shaft with keyway

9

0 Correcting for stress-concentrations.
Stress concentration factors in fatigue: K¢, Ky

[ Use of stress concentration factors in fatigue:

O = Kf O nominal

T = Kfs Tnominal
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Fatigue failure
Notches and stress concentrations

[ Stress concentration factors in fatigue:
Ki =1+ Q(Kt —1)

[0 Theoretical (static) stress-concentration factor: K;

1

1+\E

Jr

O Notch sensitivity factor: (=

\/5 = Neuber's constant

[ Neuber's constant (depends on the value of the
ultimate tensile strength of the material used).
See, for example, Tables 6-6, 6-7, and 6-8

1 =
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Fatigue failure
Residual stresses: must be taken into account

Residual stress are built-in or introduced (typically during
manufacturing) to an unloaded part.

Residual stresses can be the cause of crack initiation and,
therefore, fatigue failure

Example: rotary dryer. Welding Residual
lifters to a rotary shell stresses
‘ introduced

during welding
caused crack
initiation

e \.\_,“

Source: ASM Inter'natinal




Fatigue failure
Designing for HCF

[ Fatigue design situations

N, = i — Sn Fully reversed Fluctuating
f ' Gé stresses (G, = 0) stresses (G, #0)
Uniaxial stresses Category | Category 11
Multiaxial stresses Category III Category IV
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Fatigue failure: design of a cantilever bracket
Designing for HCF. N.=2.5

[l Review Example 6-4: under fully-reversed bending: parametric approach

A feed-roll assembly is to be mounted at each end on support brackets cantilevered from a machine
frame. Examples of cantilevered bracket configurations are shown in the figures. Task is to design
a cantilever bracket to support a fully reversed bending load.




Fatigue failure: design of a cantilever bracket
Designing for HCF. N.=2.5

[l Review Example 6-4: under fully-reversed bending: parametric approach

A feed-roll assembly is to be mounted at each end on support brackets cantilevered from the
machine frame as shown in the Figure. The feed rolls experience a fully reversed load of 1000 Ib
amplitude, split equally between the two support brackets. Design a cantilever bracket to support a
fully reversed bending load of 500 Ib amplitude for 10° cycles with no failure. Its dynamic deflection

cannot exceed 0.01 in.

F

frame

M@ beam

(a) Simplistic design — flat mill-stock

b

fretting fatigue — K; = 2

_ A
1\\/\[-

b=1.0in
a=5.0in
| =6.0in

Other initial
assumptions:

r/d =0.5;

D/d = 1.125;

b/d =2
Low-carbon steel:
S,—80ksi

1 =
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Fatigue failure: design of a cantilever bracket
Designing for HCF. Ns=2.5

[0 Review Example 6-4: under fully-reversed bending: iterative approach

=

O Fully reversed load of 1000 Ib
(amplitude is, therefore, 500 Ibs)

O Life of about 10 ° cycles

O Material: steel/machined

M X - beam ! d D 0 Operating conditions: room temp.
N | F b * b=1.0in
frame | ¥ \ d =0.75in
r —fillet K;=1.1to 1.5 Initial assumptions: D=094in
R r/d=0.5; D/d=1.125 r=0.25in
(b) Better design — machined with fillets a=>5.0in
| =6.0in

O Comment: use MathCad example to perform design iterations
(file is included in the CD-ROM that came with your textbook)

RSN TINY
—— (W)
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Fatigue failure
Designing for HCF

[0 Review Example 6-4: under fully-reversed bending
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FIGURE E-10

Geometric Stress-Concentration Factor K; for a Filleted Flat Bar in Bending

A

b

0.895 79
0.907 20
0.932 32
0.958 80
0.995 90
1.016 50
1.019 90
1.022 60
1.016 60
0.995 28
0.966 89

—0.358 47
—0.333 33
-0.303 04
-0.272 69
—0.238 29
—0.215 48
—0.203 33
—-0.191 56
—0.178 02
-0.170 13
—0.154 17




Fatigue failure
Designing for HCF

[0 Review Example 6-4: under fully-reversed bending

Table 6-6

Neuber's Constant

for Steels

Sut(ks)  \a (in®9)
50 0.130
55 0.118
60 0.108
70 0.093
80 0.080
20 0.070
100 0.062
110 0.055
120 0.049
130 0.044
140 0.039
160 0.031
180 0.024
200 0.018
0.013
0.009

220
%'% 240

Table 6-7 Table 6-8
Neuber's Constant Neuber's Constant
for Annealed Aluminum for Hardened Aluminum
Sut (kps)  a (in®?) Sut (kpsi)  \[@ (in®%)
10 0.500 15 0.475
15 0.341 20 0.380
20 0.264 30 0.278
25 0.217 40 0.219
30 0.180 50 0.186
35 0.152 60 0.162
40 0.126 70 0.144
45 0.111 80 0.131
920 0.122

May need to do curve fitting in order to
determine Neuber's constant functions:

y = Neuber's constant = Ja
y = T(x)
X =Sy




Fatigue failure

Designing for HCF: fluctuating uniaxial stresses

alternating stress

0

0

mean stress

S}.‘ Sur

Out

useful to study failed parts)

2
o : : .
Gerber parabola:  Sa =S (1— — j (Fits experimental data:

Modified-Goodman line: Sa = Se(l— ﬁ} (Conservative theory)

O ut

Soderberg line: Sa = S{l— m
Oy

j (Overly conservative theory)

Mechanical Engineering Department 9 "'_-»§
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Fatigue failure
Modified Goodman-diagram

‘gﬂf

(@) The 6,~0,,—N surface

= - N 5
Section G-G creates

0
10> 10* 10° j10°8 :
G - the Goodman line
(b) The ©,-N projection (5-N diagrams) () The 04,0, projection
(constant life diagrams)

FIGURE 6-43

*
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Fatigue failure
Augmented modified Goodman-diagram

—Sye compression 0 tension Sy Sut

Area in “gray” is the “safe-zone”

&wm“c"*r_-.
g %
Niais
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Fatigue failure
Stress-concentration factors in fluctuating stresses

Note that component may “yield” locally
stress * Y A

Omax Sy
* 5, ‘ c>S, -

A B
V + V Cmin G >S,

-~ G.’H FE-
(a) Fluctuating stress (b) Possible plastic zones (c) Elastic-perfectly plastic material
°A ‘A A
S\' —_ S‘- 1T GJ”(I X S‘L

i ) » A H HT(( X
f fG”HLY / /
- |
E / €
(d) No yielding (e) Yielding on first cycle f
_5_“_

(f) Reversed yielding

s\‘c‘xtcft
g %
Niais
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Fatigue failure

Stress-concentration factors in fluctuating stresses

Mean stress fatigue-concentration factor: K gy
Kim §
- () —i— (©) - () —
' Sy —Kro,

nom E Kf:'?! —_ ()

| G.’N

H(JHe’l

See figures at the bottom
of previous page

_’.

(9) -
maxyem,

S, 25,

(g Ksp, as a function of the maximum nominal stress Omax,, .

- if Kf‘Umaxnomina. <Sy  m— Ky =Ky

Sy - Kf Ganominal

N

if Kf ‘O-maXnominal > Sy = K fm =

Gm nominal

~ if Kf ‘Gmaxnominal - Gminnominal > ZSy — Kfm - O
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Fatigue failure - Modified Goodman's diagram
Safety factors in fluctuating stresses: Cases 1 and 2

— |
N =SF=2_2V[;_Ca
YZ Om Sy

(a) Case 1 — o, constant and oy, varies

0 c m S_\-' Sm Om

— |
Nip=SF=22 2| O
XZ O3 Sut

(b) Case 2 — o4 varies and o,y constant

Om

s\‘c‘xtcft
g %
Niais
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Fatigue failure - Modified Goodman's diagram
Safety factors in fluctuating stresses: Cases 3 and 4

OR S¢S
Njg=SF=on - >fu
OZ oSy +05,S+

(c) Case 3 — 6,/ oy ratio constant

(d) Case 4 — 6, and oy vary independently

AN
load line

S it Gm,




Fatigue failure: design of a cantilever bracket
Designing for HCF. N.=2.5

[l Review Example 6-4: under fully-reversed bending: parametric approach

A feed-roll assembly is to be mounted at each end on support brackets cantilevered from the
machine frame as shown in the Figure. The feed rolls experience a fully reversed load of 1000 Ib
amplitude, split equally between the two support brackets. Design a cantilever bracket to support a
fully reversed bending load of 500 Ib amplitude for 10° cycles with no failure. Its dynamic deflection

cannot exceed 0.01 in.

F

frame

M@ beam

(a) Simplistic design — flat mill-stock

b

fretting fatigue — K; = 2

_ A
1\\/\[-

b=1.0in
a=5.0in
| =6.0in

Other initial
assumptions:

r/d =0.5;

D/d = 1.125;

b/d =2
Low-carbon steel:
S,—80ksi

1 =
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Fatigue failure
Review examples

L Example 6-5: fcrr?ue under fluctua‘rir;_g bending. Design
or

bracket to supporf the load. Verify

maximum deflections

[t [ -
l . | .
F

| beam '

— |
frame JJ d=1.0iIn

r —fillet K;=1.1t0 1.5 D =1.125in

R r=0.5in
a=>5.0in
FIGURE 6-47 | =6.0in

Design of a Cantilever Bracket for Fluctuating-Bending Loading

——

Initial assumptions.
Solve iteratively

T
Mechanical Engineering Department K



Fatigue failure
Designing for HCF

[0 Review Example 6-4: under fully-reversed bending
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FIGURE E-10

Geometric Stress-Concentration Factor K; for a Filleted Flat Bar in Bending

A

b

0.895 79
0.907 20
0.932 32
0.958 80
0.995 90
1.016 50
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1.016 60
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Fatigue failure
Review examples

O For next lecture: Master Examples 6-5 and and 6-6; use and
understand corresponding MathCad solutions (in the CD that
came with your book and/or on Norton's Machine Design

website)

1 =
. . . % &5
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Fatigue failure
Review examples

[ Example 6-6: multiaxial fluctuating stresses. Verify the design
against failure (e.g., by determining safety factors, other?)

0 Applied load: sinusoidal [-200,340] Ib

O Finite life of about 6x10 7 cycles

O Material: Al 2024-T4

O Operating conditions: room temp.

wall

Initial dimensions:

ID=1.5In

OD=2in

a=28.0in

Notch radius (wall) is 0.25”, | =6.0in
K=1.70, K=1.35

O Comment: use MathCad example to perform design iterations
(file is included in the CD-ROM that came with your textbook)

RSN TINY
—— (W)
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Fatigue failure
Review examples

0 Example 6-6: multiaxial fluctuating stresses.

Example of mechanical conflgiur'a'rlons that can be idealized with
arrangement shown in Examp

/ Common /\ ‘.)
[

tangent &

Mechanical Engineering Department Ny &




Fatigue failure
Review examples

O Example 6-6: multiaxial fluctuating stresses.

Example of mechanical conflquratlons that can be idealized with
arrangement shown in Examp

Torsion Bar

Chassis
Mount




Fatigue failure: Review examples
[ Example 6-6: Multiaxial Fluctuating Stresses

Froblem Determine the safety factors for the bracket tube shown in Figure 5-7.
. i i
LUnits kst = 107 pa
ZIven The material is 2024-T4 aluminum
Yield strength Sy = 47 kst
Tensile strength Syt = OB st
Tube length ! = 6in
Arm length @ = Bin
Tube OD od = 2.0.ixn
Tube ID id = 15in
Load Poin = —~2000bF  Fay = 340.15f

Assumptions  The load is dynamic and the assembly is at room temperature.
Consider shear due to transverse loading as well as other stresses.
o . . . . 7
A finite life design will be sought with a life of &V ;= 6-10 " cycles.
The notch radius at the wall is » '= 0.25.ix and

stress-concentration factors are for bending £; = 1.7, and for
shear, &3, = 1.35.

Solution See Figwre 5-7 and Mathcad file EX06-06. Also see Example 4-9 for
a more complete explanation of the stress analysis for this problem.

1 Al dees not have an endurance bmit. Ttz endurance strength at 2E8 cycles can
ke estinated from equation & 52 Since the 5, 12 larger than 48 ks, the uncorrected

[
Ssgg = 19 ke bpartment %




2 The cotrection factors are calculated from equations &7 and ueed to find a corrected

fatigue ————————sdieanes strength at the standard SES cycles.

Cloagd = 1.0 for bending \
Ags = 0.0105.0d° Ags = 0.042i0° Make sure to
Tos ¥ —— know how to
% = | 50766 Geq = 0140 evaluate Ags
- 0.097 J
Cloigo = 0.869[&] Cloize = 0.895
M "

Note "negative

Table 6-3 constants A=27 bh:=-0265

Su.f

5
Syt IS used in kpsi ———  Couy = A-[EJ Courf = 0.883 (@

Cremp = 1

Crgfjab = 0753 for 99 5%

Note that thls IS On/y 57588 = Cload Crize Csurf Ctemp: Creliah 5588 (&)
16.67% of the S, (and —— spes = 1130ks
o
24 A Of the Sy) Mote that the bending value of .44 15 used despite the fact that there 12 both bending

and torsion present. The torsional shear stress will be converted to an equivalent tensile
stress with the von Mises caleulation. Cyyppis calculated from equation 6,72 using data
from Table £-3 Thizs corrected fatigue strength is still at the tested number of cycles, A
=5E&.

exponent

QOLEC
; %lé: Mechanical Engineering Department K %



3 This problem calls for a bife of 6E7 cycles, so a strength value at that ife must be estimated
trom the 5-3 line of Figure 6-335 using the corrected fatgue strength at that bfe. Equation
6. 106 for this ine can be solved for the desired strength after we compute the values of its
coefficients @ and & from equation 6. 102,

S o= 0,905y Sy = 61 2ks

L. From Table 6-5 for 5E8 z = 5699
This is calculated

. Sn
differently for —— s=-2u [ SM] b= -0.1288 ©
materials with an S, .
a=— & = 148 9ks
10*®
S a Sy = 14.84 kst

Hote that &y, 15 calculated as 90% of 5 because loading 15 bending rather than amal (see
Eq 6.9 The value of z 15 taken from Table 6-5 for = 5E8 cycles. This 15 a corrected
fatigue strength for the shorter ife required in this case and so is larger than the corrected
test value, which was calculated at a longer life.

4 The notch sensthwity of the matertal must be found to calculate the fatigue
stress-concentration factors. Table 6-8 shows the IMeuber factors for hardened alumimm.

Interpolation gives a value of @ = 0. 14?2-3'92 at the matenial's & . Equation .13 gives the
resulting notch sensitivity for the assumed notch radius.

g = 0773 (d)

5 The fatigue stress-concentration factors are found from equation 6114 using the given
geotmetnic stress-concentration factors for bending and torston, respectively.

K; and K are given Kr=1+q(k-1) £r = 1.541 ()

| _ .
(we are lucky.) Kg=1+q(Ks—1) g = 1.270 2

Mechanical Engineering Department




& The bracket tube is loaded in both bending {as a cantilever beam) and in torsion. The
shapes of the shear, moment and torgque distributions are shown in Figure 4-30. A1 are
mazmum at the wall The alternating and mean components of the appled force, moment,
and torque at the walls are

.
Forces: evaluated Loads Fyo= w Fy = 27087
for amplitude and L (2)
max T fmin
mean components Fp = By = 700
\
Moments: eva/uated ¢ Dloments My = Fql My = 16201hF in o
for amp/itude, mean, ) My = Fpl My = 420007 in
and maximum Mg = My + My Mipgx = 2040157 in
components |
Torques a = 80in
Ty = Fpa Ty = 2160147 in Eva/‘{ated for
® ¢ amplitude and mean
Ty = Fpea Ty = 56087 in

components

7 The fatigue stress-concentration factor for the mean stresses depends on the relationship
between the mammum local stress m the notch and the yield strength as defined
equation 617, a portion of which 15 shown here.

Cuter fiber g = 05%n0d o= 1.0006
Momentof  I'= 2 lod —id") = 053690
mertia 64 4
Ji=21 J = 1.07385x
I Kf- | opgz| < Sythen K = Kf and K = K w
Ky = 5.86 ks " - " -
local “"yield,” if any
which 15 less than Sy = 47 ksi so, Ky = Ky and Kgm = Ef 0
J

Tn this case, there iz no reduction in stress-concentration factors for the mean stress
because there 15 no vielding at the notch to relieve the stress concentration.

gineering Department



2 The largest tensile bending stress will be m the top or bottem outer Hber at points A or
A" The largest torsional shear stress will be all around the cuter circumnference of the
tube. (Zee Example 4-9 for more details) First take a differential element at point A or
A"where both of these sresses combime. (Zee Figure 4-22) Find the alternating and
mean components of the normal bending stress and of the torsional shear stress on point
A using equations 4. 115 and 4. 245, respectively.

A
s Ky j i o, = 4.65ksi
Evaluate applied, , (&)
. o )
amplitude and mean, ta = Kfp— Ty = 2.56 ks
stresses - point A is 1 "
subjected to Oy = K ’f o = 1.21 kst
bending and shear . ®
| = Kﬁm-%'c fyy = 0.66ksi

9 Find the alternating and mean von IMizes effective stresses at pomt A from equation 6,225,

/
Frg = Ty Ty = U pa Trya = Tg
. gy = \/Jm.z + cryaz — Oxg Fya T 3-50,@.2 Fo = 642k
Evaluate equivalent |
Mises, amplitude | , ._ oym = 0-ps S ()
and mean, stresses
a‘:\/cr 2+a:r 2—0’ g+ 3T : Frp = 1.66 ks
\ = xm v xm Ty xym m= L

10 Because the moment and torque are both caused by the same applied force, they are NOte the use Of
synchronous and in-phase and any change in them will be in a constant ratio. Sn n th IS equat,on

Evaluate for, a// This 15 & Case 3 situation and the safety factor 15 found veing equation 6. 18s,  <— (flnlte Ilfe)

cases, if unsure Sir- St .
e S— Ny = nr=22 At point A
about which case Oy St + TS P

sy vepai unent X



Account for
transversal shear -
point B is subjected
to pure shear

Evaluate equivalent
Mises, amplitude
and mean, stresses

Evaluate for all
cases, if unsure

about which case
e

11 Since the tube iz a short beam, we need to check the shear due to transverse loading at
pomt B on the neutral asms where the torsional shear 12 also masmal  The masmm
transwerse shear stress at the neutral asmiz of a hollow, thin-walled, round tube was given as
equation 4. 154.

Cross-section area A= E-[_od2 - :(d2__] A= 1.3?4:(?22
(
2y .
Tabend = £fy: 1 Tabend = 499 psi
()
2 Fy

Tmbend = Kﬁm.—ﬂ Tmband = 129 psi

Poant B 15 in pure shear. The total shear stress at point & 15 the sum of the transverse shear
stress and the torsional shear stress which act on the same planes of the element.

Tatotal = Tabend T Ta

Tmiatal = Tmbend T Tm

Tatatad = 3035 pa
&)

Tmtotal = 192 pat

12 Find the alternating and mean von Mises effective stresses at point 5 from equation & 225,

f

Frg = U pa Tyg = 0 pa

2 2

2
Fly = \/Jxa + Ty~ Oxg Oyg t 3-1'@,@

Fam = 0 pa Ty = 0 pat

Txya = Tatotal

2
~ Txm Oyp + B-Txym

2
Fy = \/Jxm + Gy

13 The safety factor for pomnt B 15 found using equation

_ SPE'SHI
S St ISy

Both points A and B are safe agamst tatigue falure.

oy = 5 29 ksi
_ ()
Txym = Tmtotal
7 .
T = 137ks Note the use of
S, in this equation

6.18¢ (finite life)

nr=27 At point B

jineering Department K



Reading

* Chapters 6 of textbook: Sections 6.5 to 6.8
° Review notes and text: ES2501, ES2502

Homework assignment

* Author's: as indicated in Website of our course

* Solve: as indicated in Website of our course

Mechanical Engineering Department Ky
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