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EXAMPLE 5-1

Solufion

Answer

Answer

Answer

Answer

A hot-rolled steel has a yield strength of §,; = §;. = 100 kpsi and a true strain at
fracture of £ = 0.55. Estimate the factor of safety for the following principal stress
states:

{a) 70, 70, O kpsi.

(k) 30, 70, O kpsi.

{c) 0, 70, —30 kpsi.

(d) 0, =30, —70 kpsi.

(e) 30, 30, 30 kpsi.

Since £ = 0.05 and §,, and §,; are equal, the material is ductile and the distortion-
energy (DE) theory applies. The maximum-shear-stress (MSS) theory will also be
applied and compared to the DE results. Note that cases a to d are plane stress
states.

{a) The ordered principal stresses are o4 = a; = 70, ag = a2 = 70, a3 = 0 kpsi.

DE From Eq. (5-13),
o' = [70° — 70(70) + 70°]'/* = 70 kpsi

S, 100

MSS Case 1, using Eq. (5-4) with a factor of safety,

S, 100

(b) The ordered principal stresses are 64 = oy = 10, o0y = 07 = 30, 03 = 0 kpsi.
DE o’ = [70* — 70(30) + 30°]'? = 60.8 kpsi
I 100
=—=—=—=1.64
T T 608

MSS Case 1, using Eq. (5-4),
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(c) The ordered principal stresses are o4 = o7 = 70, 03 = 0, o5 = o3 = —30 kpsi.

DE o’ = [T0F — 70(—30) + (—30)°]"* = 88.9 kpsi
S, 100
A =2 _—_— 113
i T T B

MSS Case 2, using Eq. (5-5),
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5, 100

— = 1.00
ags—ag 10— (=30}

Answer n=

() The ordered principal stresses are 0y =0, 64 = 00 = —30, o5 = a3 = —70 kpsi.

DE g’ = [(=70)* — (=70)(=30) + (—30)’]"? = 60.8 kpsi
S, 100
Answer n=F_m_I.ﬁ4

MSS Case 3, using Eq. (5-6).

S5 100
e R
Answer i} = —0
(e) The ordered principal stresses are o) = 30, gz = 30, o3 = 30 kpsi

DE From Eg. (5-12),

_ampd _amp? _am2ql?
U,:[{au 300> + (30 230} + (30 30}] =0 kpsi
S 100
Answer n=—=— =0
o 0
MSS  From Eq. (5-3).
Sy 100

Answer n=
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A tabular summary of the factors of safety is included for comparisons.

(a) (b) (c) (d) (e)
DE 1.43 .64 113 .64 oo
MS5  1.43 1.43 1.00 1.43 oo
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2

Answer

A 25-mm-diameter shaft is statically torqued to 230 N - m. It is made of cast 195-T6
aluminum, with a yield strength in tension of 160 MPa and a yield strength in com-
pression of 170 MPa. It is machined to final diameter. Estimate the factor of safety of
the shaft.

The maximum shear stress is given by
16T 16(230)
wd® g [25(10-3)]

The two nonzero principal stresses are 73 and —75 MPa, making the ordered principal
stresses gp = 13, o2 = 0, and o3 = —75 MPa. From Eq. (5-26), for yield,

+ = 75(10°) N/m* = 75MPa

y ===

l I
" 51/Sy —03/8,. 157160 — (—75)/170
Alternatively, from Eq. (5-27),
o __SuSw _ 1600170)
T 8.+ 5, 160+170

1.10

= 82.4 MPa

and T, = 75 MPa. Thus,

Answer

Sy 824
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EXAMPLE 5-3

| Figure 5-16

This example illustrates the use of a failure theory to determine the strength of a mechan-
ical element or component. The example may also clear up any confusion existing
between the phrases strength of a machine part, strength of a material, and strength of
a part at a point.

A certain force F applied at D near the end of the 15-in lever shown in Fig. 5-16,
which 1s quite similar to a socket wrench, results in certain stresses in the cantilevered
bar OABC. This bar (OABC) 1s of AISI 1035 steel. forged and heat-treated so that it has
a minimum (ASTM) yield strength of 81 kpsi. We presume that this component would
be of no value after yielding. Thus the force F required to initiate yielding can be
regarded as the strength of the component part. Find this force.

21n

15"“ D2
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Solution

Answer

We will assume that lever DC is strong enough and hence not a part of the problem. A 1035
steel, heat-treated, will have a reduction in area of 50 percent or more and hence is a duc-
tile material at normal temperatures. This also means that stress concentration at shoulder
A need not be considered. A stress element at A on the top surface will be subjected to a
tensile bending stress and a torsional stress. This point. on the 1-in-diameter section, is the
weakest section, and governs the strength of the assembly. The two stresses are
M 32M  32(14F)
- m Y T E)

Tr 16T 16(15F)
e =

1 ad? x(1h)

Employing the distortion-energy theory, we find, from Eq. (5-13), that

2 _ 1045F

= 142.6F

Ty

=T764F

3

o' = (02 +312)"7 = [(142.6F)% 4 3(76.4F)?]

Equating the von Mises stress to §,, we solve for F and get

5, 81000
1945 1945

In this example the strength of the matenal at point A 1s §, = 81 kpsi. The strength of
the assembly or component is F = 416 1bf.

Let us see how to apply the MSS theory. For a point undergoing plane stress with
only one non-zero normal stress and one shear stress, the two nonzero principal stresses
oy and op will have opposite signs and hence fit case 2 for the MSS theory. From

Eq. (3-13),

F =416 Ibf

oy : 12 o
Oy —0Op =2[(3) +TH:| Z{sz+4rz_x]
For case 2 of the MSS theory, Eq. (5-5) applies and hence
{crx] - 41'22:] = S,
[(142.6F)* + 4(76.4F)*'"* = 200.0F = 81000
F = 388 Ibf

which is about 7 percent less than found for the DE theory. As stated earlier, the MSS
theory is more conservative than the DE theory.
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3-14  This problem illustrates that the factor of safety for a machine element depends on the particular point
selected for analysis. Here you are to compute factors of safety, based upon the distortion-energy
theory, for stress elements at A and B of the member shown in the figure. This bar 15 made of AISI
1006 cold-drawn steel and is loaded by the forces F = 055 kN, P =80kN.and T =30 N - m.

0
oL
~
w
=
L
S
£t
2
2
3

Problem 514



komite
New Stamp


5-14  Given: AISI 1006 CD steel, F=0.55 N, P=8.0 kN, and T=30 N - m, applying the
DE theory to stress elements A and B with §, = 280 MPa

g _3FL 4P _ 32(0.55)(10°)(0.1)  4(8)(10%)
| KT Td Tl T x(0.020) 7(0.020%)
— 95.49(10%) Pa = 95.49 MPa

U
&~
>
W
=
L
S
o
=
2
I

1671 16(30) 6
. — 19.10(10%) Pa = 19.10 MP
W= TdE T 2(0.020°) L) >

o' = (o2 +372) " =95.49” + 3(19.1)]'2 = 101.1 MPa

Xy

S, 280
. Y ,
M e e 8

4P 4(8)(10%)
md®  w(0.0202)

16T 4V 16(30) 4 0.55(10%)
wd 3A m(0.020°) 3 | (7/4)(0.020°)

— 21.43(10°) Pa = 21.43 MPa
o' = [25.47% + 3(21.43)]"/? = 45.02 MPa

280
~ 45.02

B: Oy = = 25.47(10°) Pa = 25.47 MPa

i = 6.22 Ans.
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Solution

Consider the wrench in Ex. 5-3, Fig. 5-16, as made of cast iron, machined to dimen-
sion. The force F required to fracture this part can be regarded as the strength of the
component part. If the material is ASTM grade 30 cast iron. find the force F with

{a) Coulomb-Mohr failure model.

(k) Modified Mohr failure model.

We assume that the lever DC is strong enough, and not part of the problem. Since grade
30 cast 1ron 15 a brittle material and cast 1ron, the stress-concentration factors K, and K,
are set to unity. From Table A-24. the tensile ultimate strength is 31 kpsi and the com-
pressive ultimate strength is 109 kpsi. The stress element at A on the top surface will be
subjected to a tensile bending stress and a torsional stress. This location, on the [-in-
diameter section fillet, is the weakest location, and it governs the strength of the assem-
bly. The normal stress a, and the shear stress at A are given by

M 32M 32(14F)

=K—=K,—=1(1 = 142.6F
Tr 16T 16(15F)
TI}-=E|-_,T=E”E=I:I} J'I'[l}j = T64F

From Egq. (3—13) the nonzero principal stresses o4 and op are

2
) + (764F)2 = 175.8F, —33.2F

04,08 =

2 2

IdE.ﬁF—l—{}i\/(HE.ﬁF—ﬂ
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This puts us in the fourth-quadrant of the ¢4, ap plane.
(a) For BCM, Eq. (5-315) applies with n = 1 for failure.

oy o 1758F (-332F)
Se  See 3N(10%  109(107)

)
&~
>
W
=
L
S
o
=
2
I

Solving for F yields

Answer F = 167 Ibf

(f) For MM, the slope of the load line is |op/os] =33.2/175.8 =0.189 < 1.
Obviously, Eq. (5-32a) applies.

ox 1758F
Se 31105
Answer F =176 Ibf

As one would expect from inspection of Fig. 5-19, Coulomb-Mohr 1s more conservative.
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Table A-15

O
(V4
3 Charts of Theoretical StressConcentration Factors K
=
S A
=4 Figure A-15-1 30
g Bar in tension or simple ‘,f
I COMDIEssion with a fransverse 28 i 1
hole. o = F/A, where } EFT
A=[w—dt and tis the
thickness. 2
lKI'
24
22
20
0 il 0.2 03 04 035 0.6 0.7 08
dl'“r
Figure A-15-2 0 r
|
Rectangular bar with a dih=0 } 2
w
transverse hole in bending. 26 b _Q'}—*—

on = Mc/l, where

| =[w—dh/12.
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S
> - _1E_ 3D
J Figure A-15-3
T Maotched reciangular bar in
2 tension or simple compression. 16
2 on = FfA, where A=dit and ¢
Ic4 is the thickness.
3 22
K,
1.8
14
Lo
0 (.05 0.10 115 020 0325 .30
rid
Figure A-15-4 i
Motched rectangular bar in
bending. ap = Mc/l, where 26
c=di2 =312, and tis
the thickness.
22
H-I
1.8
14
10
0 05 Q.10 15 020 0.25 030

rid
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Figure A-15-5 30

&
3 Reciangular filleted bar in
= tension or simple comprassion. 2.6
2“‘ oo = F/A, where A=dtand |
3 is the thickness.
7
3 -
3 K
I
1.8
i4
1.0
0 .05 0.1 .15 (.20 025 030

rld

Figure A-15-6

Reciangular filleted bar in
bending. ag = Mc/l, where
c=di2, 1= ﬁ::'a,.n' 12, tis the
thickness.

L0
0 005 1o 0.15 (.20 025 030

rid
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Figure A-15-7
Pound shaft with shoulder fillet

In lenslon. ag= F/A, where
A=xnd Qjﬂ.

Figure A-15-8

Pound shaft with shoulder fillet
In forsion. ™ = Tg/ff, whare
c=d/?and=ad"132.

Figure A-15-9

Round shaft with shoulder fillet
in bending. op = Mc/l, whare
c=d/2 and | = xd* /64,

2.6

30

in

005 0.10 0.15 020 0.25 030
rfd

0.05 0.10 015 020 025 030

26

22

0.05 010 Q15 020 0.25 0.30
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Figure A-15-10

Round shalt in torsion with
fransvaerse hole.

Figure A-15-11

Round shaft in bending with
a hansverse hole. ap =
MT=D? 32) —|dD? /6],
approximately.

410

24
1] 005 0.1 0.15 0.0 0.25 0.50

difiy

30

0.5 oo D15 L. 1 025 0.30
dif
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Figure A-15-13 30
Grooved round bar In tension.
og = FfA, where 26
O A=nd2/A.
(V4
O. 22
w
- K
S 18
5
=
= L4
=
1.0
0 (.05 010 015 0.20 0.25 0.30
rid
Figure A-15-14 A -
Grooved round bar in r 5
bending. e = Mc/l, whare 2.6 M e _1_ _ M
c=d/2 and | = =’ j64. | \ : '
105 -
22
Kr
1.02 d = 1.50
18
1.4
10
L1} .05 0.1 015 0.20 0.25 0.30
rid
Figure A-15-15 5
Grooved round bar in forsion.
= I/, where o= df2 12
andJ = =d*/32.
1.8
Kﬂ'
L4
1.0

o 005 .10 0.15 0.20 0.25 0.30



komite
New Stamp


Table A-16

Approximate Siress-

Concentration Factor K
for Bending of a Round

Bar or Tube with a
The nominal bending stress is oy = M/ Z,, where Z,, is a reduced value

Transverse Round Hole of the section modulus and is defined by
Sowrca; R. E. Pelarson, Sirass

Conceniration Faciors, Wiley, _ mA 1
Mew York, 1974, pp. 146, Lot = _:l,gj'_j:f“-."-'l;1 )
235.

0
oL
w2
w
=
L

S

e
2
2
c}

Values of A are listed in the table. Use & = 0 for a solid bar

0.050 0.92 2.63 091 2.55 0.88 2.42
0.075 0.BQ 2.55 0.88 243 0.8B6 2.35

0.10 086 249 085 236 083 227
0.125 0.82 2.4] 0.82 232 080 220
Q.15 079 2.39 079 229 076 2.15
0.175 0.76 2.38 0.75 2.26 072 210
0.20 0.73 2.39 0.72 223 068 207
0.225 0.69 2.40 0.68 221 065 204
0.25 067 242 064 218 061 200

0.275 0.66 2.48 061 216 0.58 1.9/
0.30 0.64 252 0.58 214 0.54 1.94
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from Variable Loading
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Introduction to Fatigue in Metals

www.AOFILE.ORG

LS e s S e S b Sles gl 55 51 s Slalpa pedle Slakas @
oo gln 51 208" 550 50 sl )3 (= 500l ol Cunslie S| S as A5 50lis op 2l —

Ll o3le ol
Dl 35 sl Slas 4y 25 1SS e CnSs ol Shs -
b (Fatiguefailure) Ses cuSlal, coSls ol g, ol 5l —
s ey JB 5 STl s s 4 el LS 5 ST b (s S -

Con!|

e 5 i 1 S ¢ St S i i



komite
New Stamp


Jg‘:;::-"gﬁ“\"y:l“;@ﬁw}‘ﬂ@ﬁﬁwﬁwbﬁ‘éﬂfﬂiﬁ *
wu,iu.ajpu.(:'z,“.{;“,"y‘,@o‘;@gjsggqfsw
s o, S S

)
i
>
uw
-
S
i
=
=2
3

503 aienS o 55,03 5 5 LS e Al Ses LSS

il o o e dw Jols g ol Sglite sl 3 5 L Kot SsenS ol 0

Jﬁwo%:émoﬂ&ﬁ%bdw)jbwgﬂ)dff&g&M%ﬁ \

T . = N . s - 1
454.2.3.‘L;cA{.Q:VALQJUAWJ‘}&?Cjﬁuobf.&w)ﬂ)éugjj .€)Jd>-]o Y
sl b Hlg 5 Sl J2EST A5 p pie 5 3908 5 Bl Jseme job 4 bsbs o
JS@JB;JQ_}M@)&E\&)JJ}‘}»Q)MQJQ)J
Lo ol Cack 05 0T sl L s S Ol Dl 4 el 2 1 S

.zjbu_i:.w.

L;o'C)GﬂW)}CM@)QJ@'Q)JGoJLoJZSQ\MJSQ{J}T)Jf}w41>-J,o
Mb))ﬁéﬁk)ﬂ%pcbf%u€yd>fmdﬁs

Al



komite
New Stamp


www.A0FILE.ORG



komite
New Stamp


¢ coe—eee—---  High noeminal stress ——- - Low nominal stress - —

Mo airess Mild 2fress Severe dlress o Mo steess o Mild stress _ Severs stress

cencentraticn Toeorcaniration

—_ - R

concentration cancentratan T eamcestration concentratian

)
&~
>
W
=
L
S
o
=
2
I

N

1'|:l :

~
.

- — — = - Tensign-tensign or tension-comprassion s



komite
New Stamp


www.A0FILE.ORG



komite
New Stamp


U
&~
>
W
=
L
S
o
=
2
I

' - Torsipn — -~ -— ——
EE Fost-fracture zone o [T Beach marks 1 Siress-cancentraticn nateh



komite
New Stamp


U
&~
>
W
=
L
S
o
=
2
I

St S8 55 Je

el &S 5Ll 5 6,8 K sl K Sl
i oy 2is s esle Sleg 256 b s K guli 6K 51 Y gane o5 5
.:ﬁ@j&T@‘oA,UJ?
S b Sl
Jj&dpu;,];jdngbcj‘yubbccuﬁcbﬁsz} —
g b odlasl = b ety 315 IRl Gl 5, b sl SIS b 53 s 4 —
Cole Cpe 5055 008
L e SSUlsl el olis & 2 cOBLL ) e o b L34 oo ot 0 S S o) —
s ol S 45T Ly 5T o 35 90 ebow owled gla 25 5L wles lid
JJ.ZCEMQMJJ,&-\;;.AS
DraNlnchxtrusoncé;w)cdp\cgwdumfﬁuusy;ﬁj —
JJJ\GA.L.LJUJLM&E_.»JU)W&LA&ﬁb
Ol i el a3 cciloy (sla 5 1idny g0 § e S 5 4 0SB S Lol
2L ol b Ol g oty 5 Laioms clo



komite
New Stamp


930 340 ¢ MMM



komite
New Stamp


www.A0FILE.ORG



komite
New Stamp


5¥Q"3 40 MMM



komite
New Stamp


0
oL
~
w
=
L

S

ot
2
2
3

Medium-carbon steel
(ASTM A1EL)

{a) Coke-oven-car wheel
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Figure 6-9

Testspecimen geometry for the R. R. Moore rotafing-
beam machine. The bending moment is uniform over the
curved at the higheskstressed porfion, a valid test of
material, whereas a frocture elsewhare [not ot the highest
stress level) 1s grounds for suspicion of material fiaw.
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Se = kakpkckakeks S, (6-18)

¥ = surface condition modification factor o s sl o b
kp = size modification factor o Il peoenal o —
k. = load modification factor b edl ol T
kq = temperature modification factor by peeal o —
k. = reliability factor!’ Sy sbsl oy o —

”»

kr = miscellaneous-effects modification factor Kos ol ! T s pf T
S, = rotary-beam test specimen endurance limit Ol 5 s plgs A= —

Se = endurance limit at the critical location of a machine part in the geom-
etry and condition of use S5, Ll h 53 ile ankss I 5 pla3 d =

T
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EXAMPLE 6-8

Solution

A 1015 hot-rolled steel bar has been machined to a diameter of | in. It 1s to be placed
in reversed axial loading for 70 000 cycles to failure in an operating environment of
550°F. Using ASTM minimum properties, and a rehability of 99 percent, estimate the
endurance limit and fatigue strength at 70 000 cycles.

From Table A-20, 5, = 30 kpsi at 70°F. Since the rotating-beam specimen endurance
limit 1s not known at room temperature, we determine the ultimate strength at the ele-
vated temperature first, using Table 6—4. From Table 64,

(S_r) _0.995+0.963 — 0,979

Ser s 2
The vltimate strength at 350°F is then
(Sur)ssee = (S1/8rT 5500 (Surdape = 0.979(50) = 49.0 kpsi

The rotating-beam specimen endurance limit at 550°F is then estimated from Eq. (6-8)
as

§. = 0.5(49) = 24.5 kpsi

Next, we determine the Marnn factors. For the machined surface, Eq. (6-19) with
Table 6-2 gives

k. = aS?, = 2.70(497"%%) = 0.963

For axial loading, from Eq. (6-21), the size factor k;, = 1, and from Eq. (6-26) the load-
ing factor is k. = (1.83. The temperature factor k; = 1, since we accounted for the tem-
perature in modifyving the ultimate strength and consequently the endurance limit. For
99 percent reliability, from Table 6-5, k, = 0.814. Finally, since no other conditions

were given, the miscellaneous factor i1s k= 1. The endurance hmit for the part is esti-
mated by Eq. (6-18) as

Ss — kakbkckdkekfsi
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Na— kﬂkbkfkdkgkfs:.
= 0.963(1)(0.85)(1)(0.814)(1)24.5 = 16.3 kpsi

Answear

For the fatigue strength at 70 000 cycles we need to construct the S-N equation. From
p. 277, since §,; = 49 = T0kpsi, then f = 0.9. From Eq. (6-14)

L S0 _ [09¢49)F
5. 16.3

= 119.3 kpsi

0
oL
w2
w
=
L

S

e
2
2
c}

and Eq. (6-15)

1. [f s,,,.) | {}.9(49}]
by e — _0.1441
3 “g( S, 3 ”g[ 16.3

Finally, for the fatigue strength at 70 000 cycles, Eq. (6—13) gives

Answer Sf =a N* = 119.3(70000)""1#! = 239 kpsi
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EXAMPLE 6-9

Solution

Figure 6-22a shows a rotating shaft simply supported in ball bearings at A and D and
loaded by a nonrotating force F of 6.8 kN. Using ASTM “minimum” strengths. estimate
the life of the part.

From Fig. 6-22b we learn that failure will probably occur at B rather than at C or at the
point of maximum moment. Point B has a smaller cross section, a higher bending
moment, and a higher stress-concentration factor than C, and the location of maximum
moment has a larger size and no stress-concentration factor.
We shall solve the problem by first estimating the strength at point B, since the strength
will be different elsewhere, and comparing this strength with the stress at the same point.
From Table A-20 we find §,, = 690 MPa and §, = 580 MPa. The endurance limit

5, 1s estimated as
S, = 0.5(690) = 345 MPa

From Eq. (6-19) and Table 6-2,

k. = 4.51(690)~%2% = 0.798
From Eg. (6-20).

ky = (32/7.62) %197 = p 858
Since k. —kr=k =k =1,

S, = 0.798(0.858)345 = 236 MPa

To find the geometric stress-concentration factor K, we enter Fig. A—15-9 with D/d =
38/32=1.1875 and r/d =3/32=0.00375 and read K; = 1.65. Substituting
S. = 690/6.89 = 100 kpsi into Eq. (6-35) yields ./a = 0.0622 +/in = 0.313./mm.
Substituting this into Eq. (6-33) gives

" K —1 i 165—1
1+ Jajr 140313//3

Kr=1 1.55
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Figure 6-22

o] Shatt drawing showing all
dimenszions in millimeters; all
fillets 3-mm rodius. The shaf
rotates and the load s
stafionary; material is
machined from AlSl 1050
cold-drawn steel. |b] Bending-

moment diagram.

{h)
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Answaer

The next step is to estimate the bending stress at point B. The bending moment
IS
225F _ 225(6.8)

Mp = Rix=—250

550 550 250 =6955N-m

Just to the left of B the section modulusis [ /¢ = wd” /32 = 732° /32 = 3.217 (10°)mm°.
The reversing bending stress 1s, assuming infinite life,
= K;j— = 1.55——=(10)"® = 335.1(10°) Pa = 335.1 MP
i 32170 ) ) e

This stress is greater than S, and less than §,. This means we have both finite life and

no yielding on the first cycle.
For fimite life, we will need to use Eq. (6-16). The ulumate strength, §,, = 690

MPa = 100 kpsi. From Fig. 6-18, f = 0.844. From Eq. (6-14)

L (FSa)® _ [0.844(690))°

5 kTR = 1437 MPa

and from Eq. (6-15)

b (fSa)_ 1. [0844(690)]
b= ——Iug( ) = —5 log [T] = —0.1308

From Eq. (6-16),

/b ; —1 /01308
N = (U_“) = (335 ]) = 68(10°) cycles

a 1437
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Stoess

Stress

Stress

T S VT A

{al

i)

Stress

Hiress

Simess

()

1€}

o
<

Tmin = MINIMUM Stress
T = Maximum siress

g, = amplitude component

Tm = midrange component
o, = range of stress

a, = static or steady stress

e Omax + Omin

2
Tmax — Tmin
0= |5
Tmin
R =
T max
0g
A=
T
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Maximum stress o, , Kpsi
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R=0 0.2
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0
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ASME dlliptic Line

Langer first cycle
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EXAMPLE 6-10 A 1.5-in-diameter bar has been machined from an AISI 1050 cold-drawn bar. This part
is to withstand a fluctuating tensile load varying from 0 to 16 kip. Because of the ends,
and the fillet radius, a fatigue stress-concentration factor Ky is 1.85 for 10° or larger
life. Find S; and S, and the factor of safety guarding against fatigue and first-cycle
yielding, using (a) the Gerber fatigue line and (b) the ASME-elliptic fatigue line.

)
i
>
uw
-
S
i
=
=2
3

Solution We begin with some preliminaries. From Table A-20, §,, = 100 kpsi and §, = 84 kpsi.
Note that F, = F,, = 8 kip. The Marin factors are, deterministically,

ks = 2.70(100)7%%% = 0.797: Eq. (6-19), Table 6-2, p. 279
ki = 1 (axial loading, see k)

k. = 0.83: Eq. (6-26), p. 282

ki =k =kf =1

Se = 0.797(1)0.850(1)(1)(1)0.5(100) = 33.9kpsi: Eqgs. (6-8), (6-18), p. 274, p. 279
The nominal axial stress components o,, and o,,, are

_Ma W) stk _tm ) St
faa = B iy T e on s oie s

Applying K to both components o,, and o, constitutes a prescription of no notch
yielding:

0, = K¢0,, = 1.83(4.33) = 8.38 kpsi =0,
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(@) Let us calculate the factors of safety first. From the bottom panel from Table 67 the
factor of safety for fatigue is

& R _1/100)* /838 Lo [ [2838)339 1 .. s 66
N e W—3\ask)] \#@Eel 100838) | [~
§ From Eq. (6-49) the factor of safety guarding against first-cycle yield is

IC1

C Sy 84

# Answer = — =5.01

o, +0mn 8.38 4+ 8.38

Thus, we see that fatigue will occur first and the factor of safety is 3.68. This can be
seen in Fig. 6-28 where the load line intersects the Gerber fatigue curve first at point B.
If the plots are created to true scale it would be seen thatny = OB/OA.

From the first panel of Table 67, r = 0, /0,, = 1,

(100 2(33 9) .
A S = —30.7k
i 2(33.9) (1)100 i
S, 307
Answer By == S 30.7 kpsi
r

As a check on the previous result, ny = OB/OA = §, /0, = §,,/0,, = 30.7/8.38 =
3.66 and we see total agreement.
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100 —
84
2
=
SO
L
=
E sof- Load line
C
E A e e e e
4 Langer line
:E 339 B : g
T | EE——
I | i
| | D #-#‘_-. crit
Jh s e e Gerber
| |- | fatigue curve
A L —=T [
R T |
- | | |
0 -""H | il L1 | 1 1 1 | |
0 838 30.7 42 50 6 24 100

We could have detected that fatigue failure would occur first without drawing Fig.
6—28 by calculating r.,;,;. From the third row third column panel of Table 6-7, the inter-
section point between fatigue and first-cycle yield is

_100? 2(33.9)\° 84 \ | :

Sa = 8y — Su = 84 — 64 = 20 kpsi

The critical slope is thus

s, 20
Lo e D3
= =

which is less than the actual load line of r = 1. This indicates that fatigue occurs before
first-cycle-yield.
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Answer

Answer

(b) Repeating the same procedure for the ASME-elliptic line, for fatigue

1
nr= \/ (838/33.07 + (838/84)2 ~ > °

Again, this is less than n, = 5.01 and fatigue is predicted to occur first. From the first
row second column panel of Table 68, with r = 1, we obtain the coordinates S, and
Sm of point B in Fig. 6-29 as

1)233.92(84)2 S, 314
g | 3FED —314kpsi, S,=-2=_"""—314kpsi
33.92 1 (1)2842 r 1

To verify the fatigue factor of safety, ny = S, /0, = 31.4/8.38 = 3.75.
As before, let us calculate r.;. From the third row second column panel of

Table 6-8.
2(84)33.92
7 33.02 4 842
S 23s

- 8 S hags
T

=235kpsi, Su =8y — S: =84 —23.5 = 60.5kpsi

which again is less than r = 1, verifying that fatigue occurs first with ny = 3.75.
The Gerber and the ASME-elliptic fatigue failure criteria are very close to each
other and are used interchangeably. The ANSI/ASME Standard B106.1M—1985 uses

ASME-elliptic for shafting.
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EXAMPLE 6-11

Solufion

A flat-leaf spring 1s used to retain an oscillating flat-faced follower in contact with a
plate cam. The follower range of motion is 2 in and fixed, so the alternating component
of force, bending moment, and stress is fixed, too. The spring is preloaded to adjust to
various cam speeds. The preload must be increased to prevent follower float or jump.
For lower speeds the preload should be decreased to obtain longer life of cam and
follower surfaces. The spring is a steel cantilever 32 in long, 2 in wide, and EE in thick,
as seen in Fig. 6-30a. The spring strengths are §,; = 150 kpsi, §; = 127 kpsi, and §, =
28 kpsi fully corrected. The total cam motion is 2 in. The designer wishes to preload
the spring by deflecting it 2 in for low speed and 5 in for high speed.

(a) Plot the Gerber-Langer failure lines with the load line.

(b) What are the strength factors of safety corresponding to 2 in and 5 in preload?

We begin with preliminaries. The second area moment of the cantilever cross section is

b 2(0.25)°

= 4
B B = (0.00260 in

o=

Since, from Table A-9, beam 1, force F and deflection y in a cantilever are related by
F = 3EIy/’, then stress o and deflection y are related by

Mc 31Fc 32{35‘1’}?}5 _ 96Ecy

=k I N
where K = g*ff = 96{3“'31;6 0125 _ 10.99(10°) psifin = 10.99 kpsifin

Now the minimums and maximums of v and ¢ can be defined by

¥min = 8 Ymax =2+ 8
o =K8 Omax = K (2 + 8)
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8 =5 in preload

The stress components are thus

K(24+8)— K3

" ( +2} = K = 10.99 kpsi
K245 K3

= ':+,J}+ — K(1 +8) = 10.99(1 + )

Ford =10, 0y = g = 1099 = 11 kpsi
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Answer

Answer

Ford =2 1n, a, = 11 kpsi, a, = 10.99(1 4+ 2) = 33 kpsi
Ford =51n, g, = 11 kpsi, g, = 10.99(1 + 5) = 65.9 kpsi

(@) A plot of the Gerber and Langer criteria is shown in Fig. 6-30b. The three preload

deflections of (0, 2, and 5 in are shown as points A, A", and A”. Note that since g, 15
constant at 11 kpsi, the load line is horizontal and does not contain the ongin. The
intersection between the Gerber line and the load line is found from solving Eq. (6-42)

for 8, and substituting 11 kpsi for §;:

e & IS ;
St = s I—E—ISIJ l—ﬁ—”ﬁ.gkpﬂl

The intersection of the Langer line and the load line is found from solving Eqg. (6—44)
for &, and substituting 11 kpsi for §,:

Sm =8 — 8 =127 - 11 = 116 kpsi

The threats from fatigue and first-cycle yielding are approximately equal.
(b) For§ =2 in,

S 116.9 116
=—=—=3_54 F=—=3.52
Ly Sy sy
and for § = 5 1n,
uf—M=l.7T n, =E= .76
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EXAMPLE 6-12

Solution

A steel bar undergoes cyclic loading such that o, = 60 kpsi and o;, = —20 kpsi. For
the matenial, S,; = 80 kpsi, 5, = 65 kpsi, a fully corrected endurance limit of §, =
40 kpsi, and f = 0.9. Estimate the number of cycles to a fatigue failure using:

{a2) Modified Goodman criterion.

(b) Gerber criterion.

From the given stresses,

ga:mzdﬂkpsi gm=m=mkp5j
2 2
From the material properties, Egs. (6-14) to (6-16). p. 277, give
(S0 10980 |
= A 10 = 129.6 kpsi
1 [ 8 1 0.9(80)
b——ilng( 5. )——ilﬂg[ 0 ]——D.UEEI

v S m:: S —1/0.0851 "
a 129.6

where Sy replaced o, in Eq. (6-16).
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Answer

Answer

(a) The modified Goodman line is given by Eq. (6—46)., p. 208, where the endurance
limit S, 1s used for infinite life. For finite life at §; = §,, replace §, with §; in Eq.

(6—46) and rearrange giving

o 40 :
Sy — . On e | 70 = 53.3 kpsi
Su 80

Substituting this nto Eq. (1) vields

53 —1/0.0851
N = ( i ) = 3.4(10%) cycles

120.6
(k) For Gerber, similar to part (a), from Eq. (6-47),
g - W g

) 2
Y ) e
Nt 80

" el i s il
N = (m) = 4.6(107) cycles

Again, from Eq. (1),

Comparing the answers, we see a large difference in the results. Again, the modified
Goodman cniterion i1s conservative as compared to Gerber for which the moderate dif-
ference in 87 is then magnified by a loganthmic §, N relationship.

T
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EXAMPLE 6-13 A grade 30 gra}' cast iron is subjected to a load F applied to a 1 by 2 5-in cross-section
link with a ——rn—dlameter hole drlled in the center as depicted in Flg 6—31a. The sur-
faces are mar:hlned In the neighborhood of the hole, what is the factor of safety guard-
ing against failure under the following conditions:

{(a) The load F = 1000 Ibf tensile, steady.

(b) The load 1s 1000 Ibf repeatedly applied.

{c) The load fluctuates between — 1000 Ibf and 300 Ibf without column action.
Use the Smith-Dolan fatigue locus.
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Alternating siress, o

|~ 7 in D. drill

5, =185 kpsi

T f—

I
I
I
i} | |
-5 -995 0 7.6310 0 0 5,

Mudmnge siress o, kpsi

fa) L3
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Answer

Some preparatory work 1s needed. From Table A-24, §,, = 31 kpsi., §,. = 109 kpsi,
kq.ky S, = 14 kpsi. Since k. for axial loading 1s 0.9, then 8, = (k. ks 5))k. = 14(0.9) =
12.6 kpsi. From Table A-15-1, A = t(w — d) = 0.375(1 — 0.25) = 0.281 in®. d/w =
0.25/1 = 0.23, and K, = 2.45. The notch sensitivity for cast iron is 0.20 (see p. 288),

50

Ki=1+q(K, —1)=1+020245—-1)=1.29

K;F, 1290) _ K;F, _ 1.29(1000)

= =1 . = 10— = 4.59 kpsi
e) e A 0.281 = A 0281 Y ) i
and
S, 31.0
T
"= e T 150
F 1000
) L T 2
__KiF, 129500y . :
o R — 1 = 0081 (107) = 2.30 kpsi
r=ﬂ—ﬂ=l
Oy

From Eq. (6-52),

_ (1314126 4(1)31(12.6) _ :
o 5 |:—]+\/I—|—E“}3[+116]1:I—T.63kp51

S« 1.63
% 53 3.32
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1 B _1.29(650) 5 ,
(© Fa=7300— (~1000)| =650 1bf 0, = 55— (107) = 2.98 kpsi
F, — 1300 4+ (=1000)] = —35016f &, = 22230 453y 1 61 kpsi
2 0.251
T 3.0
= —=——=—1.86
on —l.61
S, 12.6 .
Sazl_l E_I _1_ ] ]2-6_1 = 18.5 kpsi
r\ Su: —1.86 \ 31
S, 18.5
A =—=— =620
niswer n = 7 08

Figure 631k shows the portion of the designer’s fatigue diagram that was constructed.

Alternating stress, o,

s ==

L

r=-1.86
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EXAMPLE 6-14 A rotating 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 guard-
ing against fatigue and static failures using the Gerber and Langer failure criteria for the
following loading conditions:

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

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

9
oL
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w
=
S
i
;
3
3

Solution Here we follow the procedure of estimating the strengths and then the stresses, followed
by relating the two.

From Table A-20 we find the minimum strengths to be §,; =440 MPa and §, =
370 MPa. The endurance limit of the rotating-beam specimen is 0.5(440) = 220 MPa.
The surface factor, obtained from Eq. (6—-19) and Table 6-2. p. 279 is

k, = 4.515 "2 — 4.51(440)7"% = 0.899

ol

From Eq. (6-20) the size factor is

k if —0. 107 42 —0. 107 0 833
= \7.62 — 1762 o

The remaining Marin factors are all unity, so the modified endurance strength S, is

S = 0.899(0.833)220 = 165 MPa
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(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, = 2.366 for bending; and A = 0.89 and K,, = 1.75 for torsion.
Thus, for bending,

A 0.708
= gty D)

e Ay 4 49 3 3
32D = gy i ==

and for torsion

m(0.89)

= [(42)* — (34)*] = 155 (10*)mm*

mTA
Tt — —(P —dh =
[ 32{ )

Next, using Figs. 620 and 6-21, pp. 287-288, with a notch radius of 3 mm we find the
notch sensitivities to be 0.78 for bending and 0.96 for torsion. The two corresponding
fatigue stress-concentration factors are obtained from Eq. (6-32) as

Ke=1+4+4q(K;,—1)=1+0.78(2.366 — 1) = 2.07
Ke: = 14-096(1.75—1) = L1712
The alternating bending stress is now found to be

M 150
—207—— —93.8(10°Pa = 93.8 MPa
i 3.31(1079)

Oxa = Kf

and the alternating torsional stress is

TD 120(42)(102
toye = Ky — 1.722208U95) _ 55 108)pa — 28.0 MPa

2J et © T 2(155)(1079)
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Answer

Answer

The midrange von Mises component o, is zero. The alternating component ¢ is given
by

12

ol = (o2, + 31 — [93.8% +3(28%)]"/* = 105.6 MPa

Since §, = §,, the fatigue factor of safety n; is
Sa 165

np=—2—_—_—156
105.6

r
a

The first-cycle yield factor of safety is

There is no localized yielding; the threat is from fatigue. See Fig. 6-32.

(b) This part asks us to find the factors of safety when the alternating component is due
to pulsating torsion, and a steady component is due to both torsion and bending. We
have T, = (160 —20)/2 =70 N - m and T}, = (160 4+ 20)/2 = 90 N - m. The corre-
sponding amplitude and steady-stress components are

1.D 70(42)(1073
LD 70(42)(107)

N G i — 16.3(10°)Pa = 16.3 MPa
3T 2(155)(10-9)
T,,D 90(42)(10-3) i
Ky Yo — 21.0(10°)Pa = 21.0 MP
St 2(155)(10-9) (D o

The steady bending stress component o, is

M 150
3.31(10-9)

o Hfz—""’ —=2.07 = 93.8(10°)Pa = 93.8 MPa
net
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The von Mises components ¢, and o, are

0! =[3(16.3)*1"* = 28.2 MPa
o =[93.8% 4+ 3(21)7]"* = 100.6 MPa

From Table 6-7, p. 299, the fatigue factor of safety is

o] 1282 2{1(]-0.6}165 i 103
f=3 1{}05 449(23.2} -

From the same table, with r = ¢} /o, = 28.2/100.6 = 0.280, the strengths can be
shown to be S, = 85.5 MPa and §,, = 305 MPa. See the plot in Fig. 6-32.
The first-cycle yield factor of safety n,, is

-5 ox
el Yo T 28241006

There is no notch yielding. The likelihood of failure may first come from first-cycle
yielding at the notch. See the plot in Fig. 6-32.
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