Fatigue and Dynamic Loading



Fatigue failure:

Often, machine members are found to have failed under the action of repeated or
fluctuating stresses; yet the most careful analysis reveals that the actual maximum
stresses were well below the ultimate strength of the material, and quite frequently even
below the yield strength. The most distinguishing characteristic of these failures 1s that
the stresses have been repeated a very large number of times. Hence the failure 1s called
a fatigue failure.

When machine parts fail statically, they usually develop a very large deflection,
because the stress has exceeded the yield strength, and the part 1s replaced before fracture
actually occurs. Thus many static failures give visible warning in advance. But a fatigue
failure gives no warning! It is sudden and total, and hence dangerous. It 1s relatively sim-
ple to design against a static failure, because our knowledge i1s comprehensive. Fatigue 1s
a much more complicated phenomenon, only partially understood, and the engineer seek-
Ing competence must acquire as much knowledge of the subject as possible.



Static conditions : loads are applied gradually, to give sufficient time for
the strain to fully develop.

Variable conditions : stresses vary with time or fluctuate between
different levels, also called repeated, alternating, or fluctuating stresses.

When machine members are found to have failed under fluctuating
stresses, the actual maximum stresses were well below the ultimate
strength of the material, even below yielding strength.

Since these failures are due to stresses repeating for a large number of
times, they are called fatigue failures.

When machine parts fails statically, they usually develop a very large
deflection, thus visible warning can be observed in advance; a fatigue
failure gives no warning!




A fatigue failure has an appearance similar to a brittle fracture, as the fracture sur-
faces are flat and perpendicular to the stress axis with the absence of necking.

« A fatigue failure arises from three stages of
development:

- Stage | : initiation of microcracks due to cyclic
plastic deformation (these cracks are not usually
visible to the naked eyes).

- Stage Il : propagation of microcracks to
macrocracks forming parallel plateauOlike
fracture surfaces separated by longitudinal
ridges (in the form of dark and light bands
referred to as beach marks).

- Stage Il : fracture when the remaining material
cannot support the loads.
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Characterizing Fluctuating Stresses

Fluctuating stresses in machinery often take the form of a sinusoidal pattern because
of the nature of some rotating machinery. However, other patterns, some quite irreg-
ular, do occur. It has been found that in perlodic patterns exhibiting a single maxi-
mum and a single minimum of force, the shape of the wave is not important, but the
peaks on both the high side {maximum) and the low side {minimum) are important.
Thus Figy and Fiip in a cycle of force can be used to charactenze the force pattern.
It is also true that ranging above and below some baseline can be equally effective
in characterizing the force pattern. If the largest force is Fi; and the smallest force
15 Fi, then a steady component and an alternating component can be constructed
as follows:
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where Fy is the midrange steady component of force, and Fj 1s the amplitude of the
alternating component of force.



Figure 6-23
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In addition to Eq. (6-36), the stress ratio

R = Tmnin
T max
and the amplitude ratio
Ty
A=—
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Figure 23 illustrates some of the various stress-time traces that occur. The com-
ponents of stress, some of which are shown in Fig. 6234, are

7w = midrange component
g, — range of stress

dy; = statlc or steady stress 6



Fatigue Life Methods in Fatigue Failure
Analysis

Let N be the number of cycles to fatigue for a specified level of
loading

- For 1< N < 10", generally classified as low-cycle fatigue

- For N > 10" | generally classified as high-cycle fatigue

« Three major fatigue life methods used in design and analysis are

U stress-life method : is based on stress only, least accurate especially for low-cycle fatigue;
however, it is the most traditional and easiest to implement for a wide range of applications.

U strain-life method : involves more detailed analysis, especially good for low-cycle fatigue;
however, idealizations in the methods make it less practical when uncertainties are present.

U linear-elastic fracture mechanics method : assumes a crack is already present. Practical with
computer codes in predicting in crack growth with respect to stress intensity factor




62 Approach to Fatigue Failure in Analysis and Design

In this chapter, we will take a structured approach in the design against fatigue
failure. As with static failure, we will attempt to relate to test results performed on sim-
ply loaded specimens. However, because of the complex nature of fatigue, there is
much more to account for. From this point, we will proceed methodically, and in stages.
In an attempt to provide some insight as to what follows in this chapter, a brief descrip-
tion of the remaining sections will be given here.

64 The Stress-Life Method

To determine the strength of materials under the action of fatigue loads, specimens are
subjected to repeated or varying forces of specified magnitudes while the cycles or
stress reversals are counted to destruction. The most widely used fatigue-testing device
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The most widely used fatigue-testing device is the
R. R. Moore high-speed rotating-beam machine.

Specimens in R.R. Moore machines are subjected
to pure bending by means of added weights.

Other fatigue-testing machines are available for
applying fluctuating or reversed axial stresses,
torsional stresses, or combined stresses to the test

specimens. 8



S$-N Curve
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Characteristics of S-N Curves for Metals

In the case of steels, a knee
occurs in the graph, and beyond
this knee failure will not occur, no
matter how great the number of
cycles - this knee is called the
enadurance limit, denoted as S.

Non-ferrous metals and alloys do
not have an endurance limit, since
their S-N curve never become
horizontal.

For materials with no endurance
limit, the fatigue strength is
normally reported at » — 5 < 10®

N =1/2 is the simple tension test
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We note that a stress cycle (N = 1) constitutes a single application and removal of
a load and then another application and removal of the load in the opposite direction.
Thus N = 1 means the load is applied once and then removed, which is the case with
the simple tension test.
’ The body of knowledge available on fatigue failure from N =1 to N = 1000

cycles is generally classified as low-cvele fatigue, as indicated in Fig. 6-10. High-cvcle
fatigue, then, is concerned with failure corresponding to stress cycles greater than 10°

cycles.

’ We also distinguish a finite-life region and an infinite-life region in Fig. 6-10. The
boundary between these regions cannot be clearly defined except for a specific material;
but it lies somewhere between 10° and 107 cycles for steels, as shown in Fig. 6-10.

’ As stated earlier, the stress-life method is the least accurate approach especially
for low-cycle applications. However, it is the most traditional method, with much
published data available. It is the easiest to implement for a wide range of design
applications and represents high-cycle applications adequately. For these reasons the
stress-life method will be emphasized in subsequent sections of this chapter.
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66—/  The Endurance Limit

The determination of endurance limits by fatigue testing 1s now routine, though a lengthy
procedure. Generally, stress testing is preferred to strain testing for endurance limits.
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Figure 6-17

Graph of endurance limits versus tensile strengths from actual test results for a large number of wrought
irons and steels. Ratios of S, /S, of 0.60, 0.50, and 0.40 are shown by the solid and dashed lines. Note
also the horizontal dashed line for S, = 735 MPa. Points shown having a tensile strength greater than
1470 MPa have a mean endurance limit of S, = 735 MPa and a standard deviation of 95 MPa. (Collated
from data compiled by H. J. Grover, S. A. Gordon, and L. R. Jackson in Fatigue of Metals and Structures,
Bureau of Naval Weapons Document NAVWEPS 00-25-534, 1960; and from Fatigue Design Handbook,
SAE, 1968, p. 42.)




;0.5Sut, S, < 1400MPa
k7OOMPB" Syt > 1400MPa

Steels treated to give different microstructures have different S./5, ratios. It
appears that the more ductile microstructures have a higher ratio. Martensite has a very
brittle nature and 1s highly susceptible to fatigue-induced cracking: thus the ratio is low.
When designs include detailed heat-treating specifications to obtain specific
microstructures, it is possible to use an estimate of the endurance limit based on test
data for the particular microstructure; such estimates are much more reliable and indeed
should be used.

The endurance limits for various classes of cast irons, polished or machined, are
given in Table A-24. Aluminum alloys do not have an endurance limit. The fatigue

strengths of some aluminum alloys at 5(10%) cycles of reversed stress are given in
Table A-24.
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Table A-24

Mechanical Properties of Three Non-Steel Metals

(a) Typical Properties of Gray Cast Iron

[The American Society for Testing and Materials (ASTM) numbering system for gray cast iron is such that the numbers correspond to the minimum
tensile strength in kpsi. Thus an ASTM No. 20 cast iron has a minimum tensile strength of 138 MPa (20 kpsi). Note particularly that the

tabulations are fypical of several heats.]

Shear Fatigue
Tensile Compressive Modulus Endurance Stress-
Strength Strength of Rupture Modulus of . Limit* Brinell Concentration
ASTM Sut MPa Suc, MPa S, MPa Elasticity, Mpsi Se, MPa Hardness Factor
Number (kpsi) (kpsi) (kpsi) Tension Torsion (kpsi) Hg

20 152 (22) 572 (83) 179 (26) 9.6-14 39-5.6 69 (10) 156 1.00
25 179 (26) 669 (97) 220 (32) 11.5-14.8 4.6-6.0 79 (11.5) 174 1.05
30 214 (31) 752 (109) 276 (40) 13-16.4 5.2-6.6 97 (14) 201 1.10
35 252 (36.5) 855 (124) 334 (48.5) 14.5-17.2 5.8-6.9 110 (16) 212 1.15
40 293 (42.5) 970 (140) 393 (57) 16-20 6.4-7.8 128 (18.5) 235 1.25
50 362 (52.5) 1130 (164) 503 (73) 18.8-22.8 7.2-8.0 148 (21.5) 262 1.35
60 431 (62.5) 1293 (187.5) 610 (88.5) 20.4-23.5 7.8-8.5 169 (24.5) 302 1.50

*Polished or machined specimens.

“The modulus of elasticity of cast iron in compression corresponds closely to the upper value in the range given for tension and is a more constant value than that for tension.
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Aluminum Strength Elongation Brinell

Association Yield, §,, Tensile, §,, Fatigue, S, in 2 in, Hardness
Number Temper MPa (kpsi) MPa (kpsi) MPa (kpsi) % Hpg
Wrought:
2017 O 70 (10) 179 (26) 90 (13) 22 45
2024 0 76 (11) 186 (27) 90 (13) 22 47
T3 345 (50) 482 (70) 138 (20) 16 120
3003 HI12 117 (17 131 (19) 55 (8) 20 35
Table A-24 H16 165 (24) 179 (26) 65 (9.5) 14 47
3004 H34 186 (27) 234 (34) 103 (15) 12 63
Mechanical PropertiesofThreeNomSleel Metals fCOH!iHHéd) H38 234 (34) 276 (40) 110 (16) 6 T9
(b) Mechanical Properties of Some Aluminum Alloys 5052 H32 186 (27) 234 (34) 117 (17) 18 62
[These are typical properties for sizes ofabour%in; similar properties can be abtained by using proper purcha H36 234 (34) 269 (39) 124 (18) 10 74
specifications. The values given for fatigue strength correspond to 50(10) cycles of completely reversed stress ~~ Cast:
Alluminum alloys do not have an endurance limit, Yield strengths were obtained by the 0.2 percent offset mett 319‘0_* 6 165 24 248 (36) 68 (10) 20 80
333.0 TS 172 (25) 234 (34) 83 (12) 1.0 100
T6 207 (30) 289 (42) 103 (15) 1.5 105
335.0% T6 172 (25) 241 (35) 62 (9) 3.0 80
T7 248 (36) 262 (38) 62 (9) 0.5 85

*Sand casting.

"Permanent-mold casting.

(c) Mechanical Properties of Some Titanium Alloys

Yield, S, Strength Elongation Hardness
(0.2% offset) Tensile, Sy in 2 in, (Brinell or
Titanium Alloy Condition MPa (kpsi) MPa (kpsi) % Rockwell)
Ti-35A° Annealed 210 (30) 275 (40) 30 135 HB
Ti-50A" Annealed 310 (45) 380 (55) 25 215 HB
Ti-0.2 Pd Annealed 280 (40) 340 (50) 28 200 HB
Ti-5 Al-2.5 Sn Annealed 760 (110) 790 (115) 16 36 HRC
Ti-8 Al-1 Mo-1V Annealed 900 (130) 965 (140) 15 39 HRC
Ti-6 Al-6 V-2 Sn Annealed 970 (140) 1030 (150) 14 38 HRC
Ti-6A1-4V Annealed 830 (120) 900 (130) 14 36 HRC
Ti-13 V-11 Cr-3 Al Sol. + aging 1207 (175) 1276 (185) 8 40 HRC

‘Commercially pure alpha titanium.



Fatigue Strength : Basics

Low-cycle fatigue considers the range from N=1
to about 1000 cycles.

In this region, the fatigue strength s, is only
slightly smaller than the tensile strengths.. .

High-cycle fatigue domain extends from 10° to
the endurance limit life (10° to 107 cycles).

Experience has shown that high-cycle fatigue
data are rectified by a logarithmic transform to
both stress and cycles-to-failure.



Fatigue Strength at Different N

Define the fatigue strength at a specified number of cycles as(5}) .~
By combining the elastic strain relations, we can get
(Spw = EAe. /2, (S})n =0x(2N)’
Define f as the fraction of tensile strength to (S7;),4. The value of f at 103

cycles is then -
f=25(2-10°%°
Sut

To find b, substitutg the endurance strength (S’ , )and the corresponding
cycles (N,) and solving for b as ) lﬁg(J}/S;)

b=
log(2N,)

For example, for steels when
r:r"F =8, + 345 Sé = 366MPa

g —0.0749
Syt = T35MPa N, = 10° S = 1030N

20



Fatigue Strength and estimates of fatigue life

Figure 6-18 f 09

Fatigue strength fraction, f, 0.88
of S, at 10’ cycles for

Se = S, = 0.58,; at 10° cycles. 0.86

0.84

0.82

0.8

0.78

0.76
490 560 630 700 770 840 910 980 1050 1120 1190 1260 1330 1400
S,» MPa

490 MPa < S, <1400 MPa ( use the plot) , S,,< 350 MPa, f=0.9
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Sy —a N (6123

where N 1s cycles to faillure and the constants ¢ and b are defined by the points
107, (S¢),» and 10° S, with (Sf), ;s = fSu. Substituting these two points in Eq.
(6—13) gives

2
Se
1 S
.!?:—Elng( 3 ) (&-15)
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EXAMPLE 6-2

Solution

Answer

Answer

Answer

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 385 MPa.

(a) From Table A-20, S,, = 630 MPa. From Eq. (6-8),

S, = 0.5(630) = 315 MPa
(b) From Fig. 6-18, for S,; = 630 MPa, f= 0.86. From Eq. (6-14),

2
= —[0'86(630) ] = 1084 MPa
315
From Eq. (6-15),
b= ! log [—0'86(630)] = —0.0785
3 315

Thus, Eq. (6-13) is
Sy = 1084 N0

For 10* cycles to failure, S; = 1084(10*)"78 = 526 MPa
(c) From Eq. (6-16), with o, = 385 MPa,

385 1/-0.0785
N = (@) = 53.3(10%cycles

Keep in mind that these are only estimates. So expressing the answers using three-place
accuracy is a little misleading.

23



&4

Endurance Limit Meodifying Factors

We have seen that the rotating-beam specimen used in the laboratory to determine
endurance limits is prepared very carefully and tested under closely controlled condi-
tions. It 1s unrealistic to expect the endurance limit of a mechanical or structural mem-
ber to match the values obtained in the laboratory. Some differences include

* Material: composition, basis of failure, variability

= Manufacturing: method, heat treatment, fretting corrosion, surface condition, stress
concentration

* Environmeni: corrosion, temperature, stress state, relaxation times

= Design: size, shape, life, stress state, stress concentration, speed, fretting, galling

Se = kakpk kyk.ky S, (&-18]

where k; = surface condition modification factor
k= size modification factor
k. = load modification factor
k4 = temperature modification factor
k. = reliability factor!
kr = miscellaneous-effects modification factor
5. = rotary-beam test specimen endurance limit

&¢ = endurance limit at the critical location of a machine part in the geom-

etry and condition of use 2



Surface Factor k,

The surface of a rotating-beam specimen 1s highly polished, with a final polishing in the
axial direction to smooth out any circumferential scratches. The surface modification
factor depends on the quality of the finish of the actual part surface and on the tensile
strength of the part material. To find quantitative expressions for commeon finishes of
machine parts (ground, machined, or cold-drawn, hot-rolled, and as-forged), the coordi-
nates of data points were recaptured from a plot of endurance limit versus ultimate
tensile strength of data gathered by Lipson and Noll and reproduced by Horger.'* The
data can be represented by

ko =aSP, (6-19)

where S, 1s the minimum tensile strength and a and b are to be found in Table 6-2.

Factor a
5;;; kpsi 5;;; MPa
Ground ].34 1.58
Machined or cold-drawn 2.70 457
Hot-rolled 14.4 577
Asforged 9.9 272

Exponent

b

—0.085
—0.245
—0.718
—0.995
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Size Factor kg

The size factor has been evaluated using 133 sets of data points.'” The results for bend-
ing and torsion may be expressed as

(d/0.3)717 = 0.8794-17 0 ll=d=<2in
f 0.914"157 2<d=<10in (6-20)
B = -
(d/7.62)7107 = 124472197 279 <4 <5l mm
| 1.51470157 51 < d < 254 mm
For axial loading there 15 no size effect, so

EXAMPLE 6-4

Solution

Answer

Answer

A steel shaft loaded in bending is 52 mm in diameter, abutting a filleted shoulder 38 mm
in diameter. The shaft material has a mean ultimate tensile strength of 690 MPa.
Estimate the Marin size factor &, if the shaft is used in

(a) A rotating mode.

(b) A nonrotating mode.

(a) From Eq. (6-20)

kp = 151477 = 1.51(52)7%1% = 0.812

(b) From Table 6-3,
d. = 0.37d = 0.37(52) = 19.24 mm
From Eq. (6-20),

k, = (ﬁ) = 0.906
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Loading Factor k.

When fatigue tests are carried out with rotating bending, axial (push-pull), and torsion-
al loading, the endurance limits differ with S, This is discussed further in Sec. 6—17.

Here, we will specify average values of the load factor as

| bending
k.= 1 (.83 axial [6-26]
0.39 torsion'’
Temperature Factor ky
Effect of Operating
Temperature on the Temperature, °C 51/ Srr Temperature, °F St/ Ser
Tensile Strength of 20 1. 000 70 1.000
Steel ™ (Sr = tensile 50 1 010 100 1.008
strength at operafing 100 1.020 200 1.020
Tempemture; 150 1 025 300 1.024
Ser = tensile strength 200 1 020 A00 1.018
at room femperature; 250) ]-,:.:.O 500 D-DQS
0.099 <4 < 0.110) 400 0.975 600 0.963
350 0.943 700 0.927
400 0.900 800 0.872
450 0.843 P00 0797
500 0.768 1000 0.698
550 0.6752 1100 0.567

600 0.54%




kg = 0.975 4+ 0.432(107*) Tr — 0.115(1077) T
4 0.104(107%)TF — 0.595(10~'%) T} [ 6-27)

where 70 < Ty = 1000°PE

Two types of problems arise when temperature is a consideration. If the rotating-
beam endurance limit 1s known at room temperature, then use

S

ki =
SkT

(6-28)

from Table 64 or Eq. (6-27) and proceed as usual. If the rotating-beam endurance limit
15 not given, then compute it using Eq. (6-8) and the temperature-corrected tensile
strength obtained by using the factor from Table 6—4. Then use ky = 1.

EXAMPLE 6-5

Solution

Answer

Answer

A 1035 steel has a tensile strength of 490 MPa and is to be used for a part that sees
230°C in service. Estimate the Marin temperature modification factor and (S,)230° if
(a) The room-temperature endurance limit by test is (S;)372 = 270 MPa.

(b) Only the tensile strength at room temperature is known.

(a) First, from Eq. (6-27),
kg = 0.9877 + 0.6507(107%)(230) — 0.3414(107)(2307)
+ 0.5621(107)(230%) — 6.246(107'%)(230%) = 1.00767
Thus,
(Se)230° = ka (S)37° = 1.00767(270) = 272.07 MPa
() Interpolating from Table 6-4 gives

230 — 200
(S1)Srr)zser = 102 + (L0 — 102) Zor—— 0 = 10197

Thus, the tensile strength at 230°C is estimated as
(Sun)230° = (S7/ Sr7)230° (Sur)37° = 1.0197(490) = 499.7 MPa
From Egq. (6-8) then,
(Se)230° = 0.5(Sur )230° = 0.5(499.7) = 249.9 MPa

Part a gives the better estimate due to actual testing of the particular material.
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Reliability Factor k.
ke =1—0.08z, (6—29)

where 7, 1s defined by Eq. (20-16) and values for any desired reliability can be deter-
mined from Table A—10. Table 6-5 gives reliability factors for some standard specified
reliabilities.

Reliability, % Transformation Variate z, Reliability Factor k.
50 0 1.000
Q0 1.288 0.8%7
Q5 1.645 0.868
o9 2.326 0.814
9.9 3.091 0.753
P0.99 3.719 0.702
P0.909 4.265 0.659

Spele s 4.753 0.5620




Miscellaneous-Effects Factor k¢

Though the factor k¢ 1s intended to account for the reduction in endurance limit due to
all other effects, it is really intended as a reminder that these must be accounted for,
because actual values of k¢ are not always available.

Residual stresses may either improve the endurance limit or affect it adversely.
Generally, if the residual stress in the surface of the part 1s compression, the endurance
limit 1s improved. Fatigue failures appear to be tensile failures, or at least to be caused
by tensile stress, and so anything that reduces tensile stress will also reduce the possi-
bility of a fatigue failure. Operations such as shot peening, hammering, and cold rolling
build compressive stresses into the surface of the part and improve the endurance limit
significantly. Of course, the material must not be worked to exhaustion.

The endurance limits of parts that are made from rolled or drawn sheets or bars,
as well as parts that are forged, may be affected by the so-called directional characrer-
istics of the operation. Rolled or drawn parts, for example, have an endurance limit
in the transverse direction that may be 10 to 20 percent less than the endurance limit in
the longitudinal direction.

Parts that are case-hardened may fail at the surface or at the maximum core radius,
depending upon the stress gradient. Figure 6—19 shows the typical triangular stress dis-
tribution of a bar under bending or torsion. Also plotted as a heavy line in this figure are
the endurance limits 5, for the case and core. For this example the endurance limit of the
core rules the design because the figure shows that the stress @ or . whichever applies,
at the outer core radius, i1s appreciably larger than the core endurance limit.

—— & (case) ————

-+ oar T

|
|

Cuse

Ci

39



Corrosion

It 15 to be expected that parts that operate in a corrosive atmosphere will have a lowered
fatngue resistance. This 1s, of course, true, and it 1s due to the roughening or pitting of
the surface by the corrosive material. But the problem is not so simple as the one of
finding the endurance limit of a specimen that has been corroded. The reason for this is
that the corrosion and the stressing occur at the same time. Basically, this means that in
time any part will fail when subjected to repeated stressing in a corrosive atmosphere.

There 15 no fatigue limit. Thus the designer’s problem is to attempt to minimize the fac-
tors that affect the fatigue life; these are:

* Mean or static stress

* Alternating stress

* Electrolyte concentration

* Dissolved oxygen in electrolyte

» Material properties and composition
» Temperature

* Cyclic frequency

* Fluid flow rate around specimen
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Electrolytic Plating

Metallic coatings, such as chromiom plating, nickel plating, or cadmium plating, reduce
the endurance limit by as much as 50 percent. In some cases the reduction by coatings
has been so severe that it has been necessary to eliminate the plating process. Zinc
plating does not affect the fatigue strength. Anodic oxidation of light alloys reduces

bending endurance lhimits by as much as 39 percent but has no effect on the torsional
endurance lumit.

Metal Spraying
Metal spraying results in surface imperfections that can initiate cracks. Limited tests
show reductions of 14 percent in the fatigue strength.

Cyvelic Frequency

If. for any reason, the fatigue process becomes time-dependent, then it also becomes
frequency-dependent. Under normal conditions, fatigue fallure is independent of fre-
quency. But when corrosion or high temperatures, or both, are encountered, the cyclic
rate becomes important. The slower the frequency and the higher the temperature, the
higher the crack propagation rate and the shorter the life at a given stress level.

Fretiage Corrosion

The phenomenon of frettage comrosion 1s the result of microscopic motions of tightly
fitting parts or structures. Bolted joints, bearing-race fits, wheel hubs, and any set of
tightly fitted parts are examples. The process involves surface discoloration, pitting, and
eventual fatigue. The frettage factor ky depends upon the material of the mating pairs
and ranges from (.24 to 0.90.
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Stress Concentration

Any discontinuity in a machine part alters the

siress distribution in the neighborhood of the discontinuity so that the elementary siress
equations no longer describe the state of stress in the part at these locations. Such dis-
continuities are called stress raisers, and the regions in which they oceur are called

areas of stress concentration.

A theoretical, or geometric, siress-concentration factor K; or Ky 15 used to relate
the actual maximum stress at the discontinuity to the nominal stress. The factors are

defined by the equations

K, — T
)

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
diw

Fma, (2-48)
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Figure A-15-1

Bar in tension or simple
compression with o fransverse
hole. an = F/A, wher

A= [w—d)tand tisthe
thickness.

Figure A-15-2

Rectangular bar with a
transverse hole in bending.
ag = Mcyl, where
[=fw—dh 12,

Figure A-15-3

MNotched rectangular bar in

tension or simple compression.
on =FjA, where A =dt and ¢

is the thickness.

a0
d
|
2.8 oo
— e .
1
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2.0
0 0.1 0z 0.3 0.4 0.5 0.6 0.7 0.8
diw
30
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Ly
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1.0
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Stress Concentration and Notch Sensitivity

In Sec. 3-13 it was pointed out that the existence of irregularities or discontinuities,
such as holes, grooves, or notches, in a part increases the theoretical stresses signifi-
cantly in the immediate vicinity of the discontinuity. Equation (3—48) defined a stress
concentration factor K, (or K,;), which is used with the nominal stress to obtain the
maximum resulting stress due to the irregularity or defect. It turns out that some mate-
rials are not fully sensitive to the presence of notches and hence, for these, a reduced
value of K, can be used. For these materials. the maximum stress is. in fact,

Omax = K 77 or Tmax = KfsTo (6-30)

where K7 is a reduced value of K; and op is the nominal stress. The factor Ky is com-
monly called a fatigue stress-conceniration factor, and hence the subscript f. So it 1s
convenient to think of Kr as a stress-concentration factor reduced from K; because of
lessened sensitivity to notches. The resulting factor is defined by the equation

maximum stress in notched specimen

Kr = - - a
! stress in notch-free specimen fe)

Notch sensitivity q 1s defined by the equation
K- Kpy— 1

q = K —1 or {shear = —K” 1 (6-31)

where g is usually between zero and unity. Equation (6-31) shows that if ¢ = 0, then
Ky =1, and the material has no sensitivity to notches at all. On the other hand, if
g = 1, then Ky = K;. and the material has full notch sensitivity. In analysis or design
work, find K; first, from the geometry of the part. Then specify the material, find g, and
solve for Krfrom the equation

Kf =1+ Q{Kr — 1) or Kfs' = l‘|‘qaheaer:s — 1) (6-32)
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For steels and 2024 aluminum alloys, use Fig. 6-20 to find ¢ for bending and axial

loading. For shear loading, use Fig. 6-21. In using these charts it is well to know that
the actual test results from which the curves were derived exhibit a large amount of

about the true value of g. Also, note that g is not far from unity for large notch radii.
The notch sensitivity of the cast irons is very low, varying from 0 to about 0.20,
depending upon the tensile strength. To be on the conservative side, it 1s recommended
that the value g = 0.20 be used for all grades of cast ron.
Figure 620 has as its basis the Neuber equation, which is given by

K — 1
1+ fa/r

where +/a is defined as the Neuber constant and is a material constant. Equating
Egs. (6-31) and (6-33) yields the notch sensitivity equation

1

Kp=1+ (6-33)

[6-34)

g =

S

] -
T

For steel, with S, in kpsi, the Neuber constant can be approximated by a third-order
polynomial fit of data as

Bending or axial: +/a = 0.246 — 3.08(107°)S,, + 1.51(107°)SZ, — 2.67(107%)S?,
(6-35q)
Torsion: va =0.190 — 2.51(107°)S,, + 1.35(107°) 2, — 2.67(107%)S>, (6-35b)

To be conservative, it is recommended that the value of q=0.2

for all grades of cast iron.
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MNotchsensitivity charts for
steels and UMS ASZ024-T
wrought aluminum alloys
subjected to reversed bending
of reversed axial loads. For
larger notch madii, use the
values of g corresponding
to the r = 0. 1é-in (4-mm)
ordinate. (From (George Sines
and J. L. Waisman [eds.],
Metal Fatigue, McGraw-Hill,
Mew York. Copyright ©
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Companies, Inc. Reprinted by
permission. |
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EXAMPLE 6-6

Solution

Answer

Answer

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

(a) Figure 6-20.

(b) Equations (6-33) and (6-35).

From Fig. 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.

(@) From Fig. 6-20, for §,; = 690 MPa and r = 3 mm, g = 0.84. Thus, from Eq. (6-32)
Ki=1+¢q(K,—1)=1+ 0.84(1.65—1) = 1.55

(b) From Eq. (6-35) with S, = 690 MPa = 100 kpsi, /a = 0.0622+/in = 0.313,/mm.
Substituting this into Eq. (6-33) with r = 3 mm gives

K14 K, —1 o1 165—1
=Y T dair l+1:1.313_'
B
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EXAMPLE 6-7  For the step-shaft of Ex. 6-6, it is determined that the fully corrected endurance limit is
S, = 280 MPa. Consider the shaft undergoes a fully reversing nominal stress in the fil-
let of (Orey)nom = 260 MPa. Estimate the number of cycles to failure.

Solution From Ex. 6-6, K= 1.55, and the ultimate strength is §,, = 690 MPa = 100 kpsi. The
maximum reversing stress is
(Orev)max = Kf (Orev)nom = 155(260) = 403 MPa
From Fig. 618, f = 0.845. From Egs. (6-14), (6—15), and (6-16)

L fSu)®  [0.845(690)]7

= 1214 MPa
Se 280
1. fSu 1 0.845(690)
b=—-1 = —=1 ———— | = —-0.1062
5= X 3°g[ 280 }
Y 403 \ /01062
Answer N = (O ) = — = 32.3(10°) cycles
a 1214
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Table A-20

Determninisfic A5TH Minimum Tensile and Yield Srengths for Some HatRolled (HR) and Cald Drawn (CO0) Sesls
[The sirznghs listed are estimated ASTW minimum values in the size range 18 1o 32 rom (3 1o 11 inl. Thess
sirengths are svitable for use with the design factar defined in Sec. 1-10, provided the materials conform to
ASTM AS or ASSE requirements or are required in the puchuse specifi:nlin:ns. Femember thal a nurrba‘ing
syslem is nol a specification.]  Sowes: 1984 SAE Handsook, o 215,

2 | 4 5 & T -]
Tensile Yield
SAE and/or Proces- Strength, Strength, Eloengafionin Reducfien m Brinell

UNS Na. AISINe,  sing MPa (kpsi] MPa {(kpsi] 2 in. % Area,%  Hardness
LER TN 1008 HR 30 (43) 170 [24) a0 55 24
o 330 (48) 2B0O 413 20 45 25
S10100 1210 HE 220 (47 180 (28] 2B 50 =5
il 270 [53) 300 (44) 20 40 1045
S10150 12315 HR 240 (50 190 (27 5] 2B A0 101
o 300 (5 320 {47 18 40 111
S10180 1318 HE 400 (58 220 (3 25 50 114
il 447 [hd) 370 (Ad) 14 40 124
10200 1220 HR 380 (55 210 (20 25 A0 111
b 470 (&8 320 (57 15 40 131
S103C0 1330 HR 470 ) 240 1375 20 42 137
o 520 [T 440 {hd) 12 35 142
S10350 1035 HE S0 72 ZF0 (3.5 18 40 143
il 550 (80 A40 (A7) 12 35 183
S 10400 1240 HR 520 [T 290 {42 18 40 142
b S0 (BE) 420 (713 12 35 170
10450 1045 HE S0 B A0 45 Tés 40 1&3
il GI0 21 530 77 12 35 179
510500 1350 HE G20 R0 340 (4% 5| 14 35 179
il AP0 [ TO 580 (B84] 13 20 157
10500 1440 HF S0 28] 370 (54) 12 20 201
510800 1280 HE L I e A20 (&1.5] 13 25 22

S1050 1005 HR B30 120 A& i) 13 25 248




EXAMPLE 6-8

Solution

A 1015 hot-rolled steel bar has been machined to a diameter of 25 mm. It is to be placed
in reversed axial loading for 70 000 cycles to failure in an operating environment of
300°C. Using ASTM minimum properties, and a reliability of 99 percent, estimate the
endurance limit and fatigue strength at 70 000 cycles.

From Table A-20, S,, = 340 MPa at 20°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 Table 6—4. From Table 64,

g
(—T) — 0.975
SRT / 3000

The ultimate strength at 300°C is then
(Sut)300° = (S7/ SrT)300° (Sur)20° = 0.975(340) = 331.5 MPa

The rotating-beam specimen endurance limit at 300°C is then estimated from Eq. (6-8)
as

8¢ = 0.5(331.5) = 165.8 MPa

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

k, = aSt = 4.51(331.5%%%) = 0.969
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Answer

Answer

For axial loading, from Eq. (6-21), the size factor k;, = 1, and from Eq. (6-26) the load-
ing factor is k. = 0.85. The temperature factor k; = 1, since we accounted for the tem-
perature in modifying 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 is kf = 1. The endurance limit for the part is esti-
mated by Eq. (6-18) as

L E— kakbkckdkekaé
= 0.969(1)(0.85)(1)(0.814)(1)165.8 =111 MPa

For the fatigue strength at 70 000 cycles we need to construct the S-N equation. From
p. 285, since S,; = 331.5 < 490 MPa, then f = 0.9. From Eq. (6-14)

_ (fSu)* _ [0.933L9)P
=TS T 1

= 891 MPa

and Eq. (6-15)

1 Sa 1 0.9(331.5

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

Sy= a N” = 891(70 000) >'**! = 180.5 MPa
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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 Fof 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 S, = 690 MPa and S, = 380 MPa. The endurance limit
S5’ 1s estimated as i

§¢ = 0.5(690) = 345 MPa
From Eq. (6-19) and Table 6-2,
kg = 4.51(690)~%% = 0.798
From Eq. (6-20),
ky = (32/7.62)7197 = 0.858
Since k, = kg =k, =kp = 1,
Se = 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=0.09375 and read K, = 1.65. Substituting
Su = 690/6.89 = 100 kpsi into Eq. (6-35) yields \/a = 0.0622 +/in = 0.313./mm.
Substituting this into Eq. (6-33) gives
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Figure 6-22

[al Shatt drawing showing all
dimensicns in millimeters; all
fillets 3-mm radivs. The shaft
rotates and the load 1s
stationary; material is
machined from AIS| 1050
colddrawn stesl. (5] Bending
moment diagrarm.

Kr=1

K:—1

— =1
T 14 ja/r +

1.65—1

1 4 0.313/4/3

A B A6.BkMN C D
i-‘ 250 = 75 l»lm—*-i—l'?'i—l-

_‘L Y W— . S i _
— Y L 1 I
"f
1 L 32 s 1
30 - a0

By Ry
{a1)
11:;‘:I“.'I'.l.
11-'?};/
M,
A B ‘r.‘ ‘n

)

= 1.55
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Answer

The next step is to estimate the bending stress at point B. The bending moment
is

225F 225(6.8)
Mp=Rix=—"20= ————
550 550

250 = 6955 N - m

Just to the left of B the section modulus is [ /¢ = md*/32 = w327 /32 = 3.217 (10°)mm”.
The reversing bending stress is, assuming infinite life,

M 695.5
o =Ki—2 = 1.55—(10)~® = 335.1(10°) Pa = 335.1 MPa
e 3217

This stress is greater than S, and less than Sy. This means we have both finite life and
no yielding on the first cycle.

For finite life, we will need to use Eq. (6-16). The ultimate strength, S,; = 690
MPa = 100 kpsi. From Fig. 6-18, f = 0.844. From Eq. (6—14)

g £ Sa)?  [0.844(690)]

= 1437 MPa
S, 236

and from Eq. (6-15)

| Sy 1 0.844(690
h=—- lug(f ’)=——lug [#] = —0.1308
3 Se 3 236
From Eq. (6-16),
ca\ Vb (3351 1/01308
N = (F) = (m) = 68(10%) cycles
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6-12

Figure 6-27

Fatigue diagram showing
various criferia of failure. For
each criterion, paints on or
"above” the respective line
indicate failure. Some point A
on the Goodman line, for
example, gives the srength 5,
as the limiting value of o,
comesponding fo the strength
5q, which, paired with &, is

the: limifing value of a,.

Alternating stmess o,

Fatigue Failure Criteria for Fluctuating Stress

AN /—"!"i&l-:l{l_.ﬁﬁg&f]liﬁ&

A
.

A" .
Cerber line

Soderberg line I \

Load line, slope r =5 /5

Modified Goodmaen line

ASME-elliptic line

0 A

L

Midrange stress a,

Five criteria of failure are diagrammed in Fig. 6-27: the Soderberg, the modified
Goodman, the Gerber, the ASME-elliptic, and yielding. The diagram shows that only
the Soderberg criterion guards against any yielding, but is biased low.
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The criterion equation for the Soderberg line is

Sa  Sm

B R L _

s, + 5, (6-40)
Similarly, we find the modified Goodman relation to be

Sa Sm

S Su

Examination of Fig. 6-25 shows that both a parabola and an ellipse have a better
opportunity to pass among the midrange tension data and to permit quantification of the
probability of failure. The Gerber failure criterion is written as

Sa Sm)z
2l 2) =1 (6-42)
Se (sm

and the ASME-elliptic is written as

Sa\o . (Sa\
(5)+(5) - o

The Langer first-cycle-yielding criterion is used in connection with the fatigue
curve:

Sﬂ ‘|‘ Sm — S'll_l [:5_445}6



The stresses noy and neoy can replace S; and Sp. where 1 is the design factor or factor
of safety. Then, Eq. (6—0), the Soderberg line, becomes

|
Soderberg % + E;—m == (6—-45)
& ¥

Equation {6—41), the modified Goodman line, becomes

€1 e
mod-Goodman —= + 2 = — (6-46)
Se Sur ]
Equation (6—42), the Gerber line, becomes
2
Gerber 2% 4+ (””’") =1 (6-47)
Se Sut

Equation (6—43), the ASME-elliptic line, becomes

2

ASME-elliptic (””‘“ ) + (ﬁ) —1 (6-48)
S. S

Langer static yvield o, + oy = .*_:
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The failure criteria are used in conjunction with a load line, r = 54 /5x = ga/am.
Frincipal intersections are tabulated in Tables 66 to &8. Formal expressions for
fatigue factor of safety are given in the lower panel of Tables 66 to 6—5. The first row
of each table corresponds to the fatigue crterion, the second row is the static Langer
criterion, and the third row comresponds to the intersection of the static and fatigue

Table 6-6 Intersecting Equations Intersecfion Coordinates

Amplitude and Steady 5 S | rSaSur
Coordinates of Strength T E Sa = For+ 5%
and Important , 5 5,
_ . Load liner = — = —
Intersections in First S r
Cluadrant for Medified 5_&_'_& _1 _r5
Goodman and Langer S & S
Failure Criteria 5 _ 5
Lnudhner_a S = 7
S S _ (5 — &) S
§75, ) =g s,
5 5, .
S—F+E=] 'i-=5;—5rnrrcrir=5a.-"5m
Fatigue factor of safety
ni = - ! e
[ _|_ -

Se Sur 58




Table 6-8

Amplitude and Steady
Coordinates of Strength

and Important
Intersections in First
Chuadrant for ASME-
Elliptic and langer
Failure Criteria

Intersecfing Equafions Intersecfion Coordinates

s\ (s [ resse
(E) +(E) B N E T
Load line r = 5,/ 5, S = —

55- Sm c _ rS
575" T T4r
Lload line r = 5,/ 5, S = ] ?—r

s\’ _ . 258

% CT T g4
5& Sm _
T TT — = 3y — g, Mot = 3/
575 S = Sy = S S
Fatigue factor of safety

-

(0 / 5o + {0/ S,)
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Table 6-7

Amplitude and Steady
Ceordinates of Strength
and Important
Intersections in First
Cluadrant for Gerber
and Langer Failure
Criteric

Intersecting Equafions Intersection Coordinates

S C RS- RN e
load fner = == S0 =2

% ?"T =1 5 = ffr

oad finer = 2= Sa =75

BE R E Y
%+%=] & =5 — Snileit = &/ Gn

Fatigue factor of safety

1
HF—E(

St

o

.

OUg

5

[_1 +"r'llll + (25.:::;)2 } o > 0
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EXAMPLE 6-10

Solution

Answer

Answer

Answer

A 40-mm-diameter bar has been machined from an AISI 1050 cold-drawn bar. This part
is to withstand a fluctuating tensile load varying from O to 70 kN. Because of the ends,
and the fillet radius, a fatigue stress-concentration factor K, 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 (») the ASME-elliptic fatigue line.

We begin with some preliminaries. From Table A—-20, §,,, = 690 MPa and S, = 580 MPa.
Note that F,= F),;, = 35 kN. The Marin factors are, deterministically,

ko= 4.51(690)%2%° = 0.798: Eq. (6—19), Table 6-2, p. 288

ki = 1 (axial loading, see k)

k. = 0.85: Eq. (6-26), p. 290

o =l = [y =

Se = 0.798(1)0.850(1)(1)(1)0.5(690) = 234 MPa: Eqgs. (6-8), (6—18), p. 282, p. 287
The nominal axial stress components o,, and o,,, are

4F,  4(35000)
wd?> 1w 0.042

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

4F,,  435000)

42 = 7 0.042 = 27.9 <Pa

— 2T 9 <=Pa s —

Tao =

0a = Krou = 1.85(27.9) = 51.6 MPa = o,,

(a) Let us calculate the factors of safety first. From the bottom panel from Table 6—7 the
factor of safety for fatigue is

1 /690 \” (519 2(51.6)2347°
= — | — -— —1 1 U =4.13
i 2(51.5) (234) +\/ +|:690(51.6)]
From Eq. (6-49) the factor of safety guarding against first-cycle yield is

Sy - 580
oo +0om 516+ 516
Thus, we see that fatigue will occur first and the factor of safety is 4.13. This can be
seen in Fig. 628 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 6-7, r = o,/0,, = 1,
2

] = 211.9 MPa

=562

f’l'\‘ =

g _(1)2690? | [2(234)
T 2(234) (1)690
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Figure 6-28

Principal points A, B, C, and D
on the designer’s diagram
drawn for Gerber, Langer, and
load line.

Answer

Answer

690 —
580
. L
a.
2 .
e
k%)
E
S adsie Load line
£ C
S 290 ———————————
5 | Langer line
& 234 B
oyl ! &
: : D - e Ferit
40 —————2~—— I e T i< Gerber
—-—
| | | fatigue curve
L A == |
51.6 = — =T I |
- I | |
oee—1l 1 1l L1 1 (.| 1 1 1
0 516 211.9 290 345 442 580 690
Midrange stress o,,, MPa
S, 21519
B = = — = 211.9 MPa
P i

As a check on the previous result, ny= OB/OA = S, /0, = Sp/0m = 211.9/51.6 =4.12
and we see total agreement.

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 67, the inter-
section point between fatigue and first-cycle yield is

6903 D21\ - 580
o e (234) 1——-) | = 442 MPa
2(234) 690 234

Sq¢ =38y — Sn =580 — 442 = 138 MPa

The critical slope is thus

S5 138
= —— = 0812
S 442
which is less than the actual load line of » = 1. This indicates that fatigue occurs before
first-cycle-yield.
(b) Repeating the same procedure for the ASME-elliptic line, for fatigue

Ferit =

1
ny = 5 5 = 4.21
(51.6/234)" + (51.6/580)

Again, this is less than n, = 5.62 and fatigue is predicted to occur first. From the first
row second column panel of Table 68, with » = 1, we obtain the coordinates S, and
S,» of point B in Fig. 6-29 as
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Figure 6-29
690 —
Principal points A, B, C, and D
on the designer’s diagram s
drawn for ASME-elliptic, 580
Langer, and load lines.
. L
a
E —
b:
<
£ 350 Load line
[=%
€
E 20 —————————— =
8 | Langer line
5 B
R e | | /_
L TN
162 I I
[~ | | | ASME-elliptic line
[ | |
| A [ [ |
51.6 —— | | |
\ | | |
0 11 1 L 11 I | | | | |
0 516 217 290 345 418 580 690

Midrange stress o,,, MPa

Answer =217MPa, S, =— =0 217 MPa

2347 + (1)*580° r

To verify the fatigue factor of safety, ny = S,/0, = 217/51.6 = 4.21.
As before, let us calculate r.j. From the third row second column panel of

¢ _\/ (1)22342 (580)2 S, 217

Table 68,
2(580)2342
5 m — 162 MPa, S, = Sy — S, = 580 — 162 = 418 MPa
S, 162
L=t = 22 .388
fot =t = 18

which again is less than r = 1, verifying that fatigue occurs first with ny = 4.21.

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 63
ASME-elliptic for shafting.



EXAMPLE 6-11

Solution

Figure 6-30

Cam follower retaining spring.
(a) Geometry; (b) designer’s
fatigue diagram for Ex. 6-11.

A flat-leaf spring is used to retain an oscillating flat-faced follower in contact with a plate
cam. The follower range of motion is 50 mm and fixed, so the alternating component of
force, bending moment, and stress is fixed, too. The spring is preloaded to adjust to var-
ious 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 0.8 m long, 50 mm wide, and 6 mm thick, as
seen in Fig. 6-30a. The spring strengths are §,; = 1000 MPa, S, = 880 MPa, and S, =
195 MPa fully corrected. The total cam motion is 50 mm. The designer wishes to pre-
load the spring by deflecting it 50 mm for low speed and 125 mm for high speed.

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

(b) What are the strength factors of safety corresponding to 50 mm and 125 mm preload?

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

_bh*  0.05(0.006)°

2 =10 9 4
I_12 o 09+ 107 m

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

Mc 08Fc 083Ely)c 24Ecy
0= — = — — = = KV
1 / e /e 2 .
24Ec  2.4(210 x 10°)(0.003
where K = —7=— = : — Y009 _ 3 95 GPajm
Now the minimums and maximums of y and o can be defined by
Ymin = & Ymax = 0.05 + 4§
Omin = K$ Omax = K(0.0S -+ 5)
6 mm
50 mm | |= f ; ————— Z )

' osm F

& =50 mm
8 = 50 mm preload - = - -
S5

125 mm

a

eIl

g =25 mmprelpad w

(a)
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Answer

Answer

1000 —

T00

350

Amplitude stress component o, MPa

Gerber line

A"
| |

|
L1 L1 (] T 1 1 1 Ll 1 L
77 230.7 350 4614 700 778 880 1000
Steady stress component oy, MPa

()

The stress components are thus

_ K(0.05 + 8) — K8

.= = K = 76.9 MP
= 0.05 .
K(0.05 + 8) + K&
O = Hihbe r) S, K(1 + 408) = 76.9(1 + 408)
0.05
For = 0, Oq= Om = 76.9 = 77 MPa

For § =50 mm, o,= 77 MPa, g,, = 76.9[1 + 40(0.05)] = 230.7 MPa

For § = 125 mm, o, = 77 MPa, 0,, = 76.9[1 + 40(0.125)] = 461.4 MPa
(a) A plot of the Gerber and Langer criteria is shown in Fig. 6-305b. The three preload
deflections of 0, 50, and 125 mm are shown as points A, A’, and A”. Note that since o,
is constant at 77 MPa, the load line is horizontal and does not contain the origin. The

intersection between the Gerber line and the load line is found from solving Eq. (6-42)
for S, and substituting 77 MPa for S,:

Sa 77
m = Sur, /1 — — =1 l—— = MP
S S s 000,/ 195 778 a

The intersection of the Langer line and the load line is found from solving Eq. (6—44)
for S,, and substituting 77 MPa for S,:

Sm =8y — S¢ = 880 — 77 = 803 MPa

The threats from fatigue and first-cycle yielding are approximately equal.
(b) For § = 50 mm,

S, 778 803
nf=—=—=337 ﬂ\-=_=3.48
T 230.7 230.7
and for § = 125 mm,
778 803
ng= m = 1.69 ny =m = 1.74
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EXAMPLE 6-12  Figure 6-31 shows a formed round-wire cantilever spring subjected to a varying force.
The hardness tests made on 25 springs gave a minimum hardness of 380 Brinell. It is
apparent from the mounting details that there is no stress concentration. A visual
inspection of the springs indicates that the surface finish corresponds closely to a hot-
rolled finish. What number of applications is likely to cause failure? Solve using:

(@) Modified Goodman criterion.
(b) Gerber criterion.

Solution Sut = 3.41(380) = 1295.8 MPa
S, =0.5(1295.8) = 648 MPa

k, = 57.7(1295.8) %718 = (.336
For a non-rotating round bar in bending, Eq. (6-24) gives: d, = 0.370d = 0.370(10) =

3.7 mm
3.7 \~0107
k= — = 1.08
? ( 7.62)
S, = 0.336(1.08)(648) = 235 MPa
120 — 60 120 + 60
Fa: :3ON, Fm: + :9ON,
2 2
32M,,  32(90)(400)
= = = 366.7 MP
ME=ETE 2109 ‘
F,. =120N
< 400 mm > Frnin=6UN
i + L
| Figure 6-31 S

+ tlﬂmm D.



~32(30)(400)

o — 1220 MP
%= 0% .
1222
_ 0333
"= 3667

(a) Modified Goodman, Table 6-6
|
T (122.2/235) + (366.7/1295.8)

From Fig. 6-18, for §S,; = 1295.8 MPa, f= 0.78

0.78(1295.8)]*
Eq. (6-14): az[ (235 ) — 5573 MPa

I 078(1295.8)
Eq. (6-15): b = —= log — 05720
:6=1) 3% 235

0, o O 1 o = o, 3 1222
B r= | —(om/Sut) 1 — (366.7/1295.8)

= -0.21119

= 170.4 MPa
Eq. (6-16) with o, = Sf

170.4\ /021119
Answer N = (ﬁ) = 14 853 650 cycles

(b) Gerber, Table 6-7
1 /1295.8\2 (12222 2(366.7)(235) T2
i —1 al—— =i 159
&l 2(366.7) (235) +\/ +[1295.8(122.2)]

Answer  Thus, infinite life is predicted (N > 10° cycles).
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EXAMPLE 6-12

Solution

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

(@) Modified Goodman criterion.

() Gerber criterion.

From the given stresses,

60 — (—20) _ 60+ (-20)

Tqg = ﬁ = 40 kpsi T = 20 kpsi
From the maternal properties, Eqgs. (6—14) to (6—16), p. 277, give
(f Su)® _ [09(80)1" ,
= = = 1296k
. 5 40 o
1 I Sur 1 0.9(80)
b=—=1 =—=lo = —0.0851
3‘%( =) ="3 g[ 40 }

1B —1,0.0851
Nz(ﬁ) =C£L) (1)
i 129.6

where 5¢ replaced oy in Eq. (6-16).
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Answer

Answer

(@) The modified Goodman line is given by Eq. (6—46), p. 298, where the endurance
limit §, is used for infinite life. For finite life at S5f = 5., replace 5, with 5S¢ in Eq.
(6—46) and rearrange giving

Substituting this into Eq. (1) yields

[ 533
~\N129.6

(&) For Gerber, similar to part {a), from Eq. (6—47),

40
Sj=— 2 = 7 = 42.7 kpsi

-() -G

427~ /00851 ]
N = (129 ﬁ) = 4.6(107) cycles

—1,0.0851
) = 3.4{10%) cycles

Again, from Eq. (1),

Comparing the answers, we see a large difference in the results. Again, the modified
Goodman criterion 1s conservative as compared to Gerber for which the moderate dif-
ference in Sy is then magnified by a logarithmic §, N relationship.
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For many brittle materials, the first quadrant fatigue failure criteria follows a con-
cave upward Smith-Dolan locus represented by
Sa 1= 5u/Su

= &350
Se 14 5w/ S | |

or as a design equation,

Hﬂ'ﬂ' . ]._Hﬂ'll_ﬂ_,llllgm' ['5_5_']
Se B | + o/ S

For a radial load line of slope r, we substitute 5;/r for 5y in Eq. (6-50) and solve for
Sa. obtaining

Sﬂ:

rSa + Se |: II 4r Sur e :| (é-52)

|
1+ |1+
2 1|'I (Fr Sur + Se)?

The fatigue diagram for a brittle material differs markedly from that of a ductile material
because:

* Yielding is not involved since the material may not have a yield strength.

= Characteristically, the compressive ultimate strength exceeds the ultimate tensile
strength severalfold.
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= First-quadrant fatigue failure locus is concave-upward { Smith-Dwolan), for example,
and as flat as Goodman. Brittle materials are more sensitive to midrange stress, being
lowered, but compressive midrange stresses are beneficial.

= Mot enough work has been done on brittle fatigue to discover insightful generalities,
so we stay in the first and a bit of the second quadrant.

The most likely domain of designer use is in the range from —5;; < g4 = 5. The
locus in the first quadrant is Goodman, Smith-Dolan, or something in between. The por-
tion of the second quadrant that 1s used is represented by a straight line between the
points — 54, Sy and O, 5, which has the equation

S, = 5.+ (—E — 1) S — 84 < 8, =0 (for cast iron) [6-53)

Table A—24 gives properties of gray cast iron. The endurance lumit stated 1s really
kaksS. and only corrections k., kg, k., and kr need be made. The average k. for axial
and torsional loading 1s 0.9.
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EXAMPLE 6-13

l«— 25 mm —»

(a)

A grade 30 gray cast iron is subjected to a load F applied to a 25 by 10-mm cross-
section link with a 6-mm-diameter hole drilled in the center as depicted in Fig. 6-32a.
The surfaces are machined. In the neighborhood of the hole, what is the factor of safe-
ty guarding against failure under the following conditions:

(a) The load F = 4500 N tensile, steady.

(b) The load is 4500 N repeatedly applied.
(¢) The load fluctuates between —4500 N and 1300 N without column action.
Use the Smith-Dolan fatigue locus.

Alternating stress, o,

Sul
|~ 6-mm D. drill L5
N 5,=129.7MPa
|
|
|
4 | S
10 mm |
B} | 8,252/,
| |
I |
| R | | | /I
- 698 0 528 70 140 2008,

Midrange stress o,,, MPa

(b)
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Figure 6-32

The grade 30 cast-iron part in axial fatigue with (a) its geometry displayed and (/) its designer’s fatigue diagram for the

circumstances of Ex. 6-13.

Solution

Answer

Some preparatory work is needed. From Table A-24, §,; = 214 MPa, S, = 752 MPa,
kakpSe = 97 MPa. Since k. for axial loading is 0.9, then S, = (k kpSe)k. = 97(0.9) =
87.3 MPa. From Table A—15-1, A = t(w — d) = 0.01(0.025 — 0.006) = 190 x 10° m?,
d/w = 6/25 = 0.24, and K, = 2.45. The notch sensitivity for cast iron is 0.20
(see p. 296), so

Kr=1+g(K;=1)=14020245—1)=1.29

K:F, 1.29(0 K:F 1.29(4500
(@) 0, = -1 2 = O _o o, =Kfn _ 1K 2:30.6MPa
A A A 190 x 10~
and
S, 214
n=-"2 - ___ =699
o,  30.6
F 4500
(b) Fa=En=_=—=2250N
2 o
K;F, 1.29(2250)
P fA g = 50 0% = 15.3 MPa
r= % 1
UIH

From Eq. (6-52),

31 +126[ 4(1)21487.3) |
Sa= "0 [ 1+\/1+[(])2]4+87_3]2]_52.8MPa
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52.8

A = 2 = =345
nswer n o 133
1 1.29(2900)
() F,==[1300 - (=4500)] = 2900N 0, = ————— = 19.7 MPa
2 190 x 10
| 1.29(—1600)
F, = =[1300 + (-4500)| = —1600N ¢, = = —10.9 MP
1300+ (=4500) 1= 190 x 10°0 !
. 19.
% _ DT g
o, —109
From Eq. (6-33), S, = S, + (S¢/Su: — 1)Sy and S, = S, /r. It follows that
S 87.3
W 75, = 1 73 = 129.7 MPa
l—=f'===3" - ]
r A S —1.81 \ 214
S, 129.7
A =2 =_—_ =658
nswer n STY

Figure 6-32b shows the portion of the designer’s fatigue diagram that was constructed.



Shaft Design for Stress : Stress Analysis

()',
a

Assuming a solid shaft with round cross section, appropriate geometry
terms can be introduced for ¢, /, and Jresulting in the fluctuating stresses
due to bending and torsion as

32M, 32M,, 16T, 16T,
f g, = Kf Ta = _f‘\'T Tm = Kf —l
T ond? Td3 ¢

04 =

\.
wd3

Combining these stresses in accordance with the distortion energy failure
theory, the von Mises stresses for rotating round, solid shafts, neglecting

axial loads, are given by
1/2

wd? wd?

| nese equivdient anerndaunyg ana rmiarange stresses can be evaluated using
an appropriate failure curve on the modified Goodman diagramas 1 o

a
— =44
n S,

3 /2
32K M, \° 16K ¢, Tp \ 2
. 5 . 2 ' ) 3 24172 — I m 3 fsdm
— (0_”2 + 3‘[”2)'/2 — (32K‘f M({) + 3 ( |6K)‘3’ru) Um (Um + Tm) |:( _T[d3 + ]‘[d3

On

Si”
n ad3 |S. Sui

A von Mises maximum stress for static failure is calculated

1 16 (1 I 2
no {_ [4(KfMa)2 = 3(Kfs Ta)2]1/2 3 [4(Kme)2 i3 3(Kf8 T”T)z]l/‘-}

U"na" = [(G’” =+ 6(1)2 + | (tm -+ Tu)z]l/z

- A1/2
32K/ (Mm - Mu) - 16K/s (Tm < Tu) - :
md3 wd3




16n | 1 1/2
d = ( IS (4K M,)? +3(K s To)?]"
&

T

| 2\
-+ S_ [4(Kme}2 + 3(1‘5;5?]”)3] / ])
ut

DE-Goodman

1 16 [1 1/2 1 1/2
— = — 4K M)+ 3(K 5, T,)? — [4(KMp)* + 3(K 1 Tn)?
n :'rdj‘se[(f : Ks )] +Sur[(f y 3Ky }]

(7-7)
d= (@ [l [4(KMo)* + 3(Ky, T,)°

% 18

1/2

: 1\ 13
- S_ [4{Kme}2 + S{Kfsﬂn}z]” }) (7-8)
i
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DE-Gerber

- ~1/2
1 8A L lis 285\ 1" (7-9)
n wd3S, AS,;
P 1+_1+ JOAN : (7-10)
= 1 4 -
:'TSf ASHF

where

A= \JAK M) +3(K},T,)2

B = JAK;Mp)? +3(Ky Tp)?
DE-ASME Elliptic
116 KM, \>2 KeT,\2 KMy \° KeTp\2 1"
fiMg fsda fiHm Jfsdm
. 7} 3 4 3
vm o () e (M) e (=) e (M) ]
(7-11)

1/3
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DE-Soderberg

1 16 (1 ) )
~=— S—[4(KfMa} +3(K5sT,)7 |

1/2

1
+ 5 [4(Ks M) + 3(K sy T)’
vt

16n [ 1 o 1/2

T

L]
Syt

2 271/2 v
[4(Kme) ‘|‘3{Kfsﬂn)]

]1;2

(7-13)

(7-14)
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Fig. 6-27. The Gerber and modified Goodman criteria do not guard against yielding,
requiring a separate check for yielding. A von Mises maximum stress is calculated for

this purpose.

/ - 211/2
Omax = h(Jm + ﬂ-ﬂjz +3(tm + Tﬂ)j]

_ 12
32K (My + M)\ 16Kz (T + Ta) \?
_ +3
rd? wd?

(7-15)

To check for yielding, this von Mises maximum stress is compared to the yield
strength, as usual.

(7-16)

Ny = —;
JI'I'IH.H

For a quick, conservative check, an estimate for o, can be obtained by simply
adding o, and o,,. (o, + 0,,) will always be greater than or equal to o, and will

therefore be conservative.
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Shaft Design for Stress : Stress Concentration

« Stress concentrations for shoulders and keyways are s
dependent on size specifications that are not known the E

first time through the process.

« These stress concentrations will be fine-tuned in

successive iterations, once the details are known. I o
* In cases where the shoulder at the bearing is found to - ﬁ
be critical, the designer should plan to select a bearing (j |

with generous fillet radius, or consider providing for a
larger fillet radius on the shaft by relieving it into the Lore
base of the shoulder. ”

« A keyway will produce a stress concentration near a
critical point where the load-transmitting component is
located.

(

i i Bendi Torsional  Axial

« Some typical stress concentration facto encing _Jorsions <
. . . . Shoulder fillet—sharp (+/d = 0.02) 2.7 2:2 3.0
Iteratlon In the deSIgn Of a Shaft Shoulder fillet—well rounded (r/d = 0.1) 1.7 iS5 1.9
End-mill keyseat (r/d = 0.02) 2.14 3.0 -
Sled runner keyseat 1.7 — —
Retaining ring groove 5.0 3.0 5.0

Missing values in the table are not readily available.



EXAMPLE 7-1

Solution

At a machined shaft shoulder the small diameter d is 28 mm, the large diameter D is 42
mm, and the fillet radius is 2.8 mm. The bending moment is 142.4 N-m and the steady
torsion moment is 124.3 N-m. The heat-treated steel shaft has an ultimate strength of
S = 735 MPa and a yield strength of S, = 574 MPa. The reliability goal is 0.99.

(a) Determine the fatigue factor of safety of the design using each of the fatigue failure
criteria described in this section.

(b) Determine the yielding factor of safety.

(a) D/d=42/28 = 1.50, r/d = 2.8/28 = 0.10, K, = 1.68 (Fig. A-15-9),
K., = 1.42 (Fig. A-15-8), ¢ = 0.85 (Fig. 6-20), gspear = 0.92 (Fig. 6-21).

From Eq. (6-32),

K;=1+0851.68—1)=158
Kis=14+092(142—1) =139

Eq. (6-8): S/ =0.5(735) = 367.5 MPa
Eq. (6-19): k, = 4.51(735)79265 = .787
28 —0.107
Eq. (6-20): ky = (ﬁ) =0.870
E=ki=%;=1
Table 6-6: k, =0.814

S. = 0.787(0.870)0.814(367.5) = 205 MPa

For a rotating shaft, the constant bending moment will create a completely reversed
bending stress.

M,=1424N-m T,=1243N-m M,=T,=0
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Answer

Answer

Answer

Answer

Applying Eq. (7-7) for the DE-Goodman criteria gives

L6 [[40s8 14247 [30139- 1243

1 7(0.028)° WX T B

n=162  DE-Goodman

Similarly, applying Egs. (7-9), (7-11), and (7-13) for the other failure criteria,
n=187  DE-Gerber
n=183  DE-ASME Elliptic

n=15  DE-Soderberg

For comparison, consider an equivalent approach of calculating the stresses and apply-
ing the fatigue failure criteria directly. From Egs. (7-5) and (7-6),

- 1/2
30158 1424\’
Uéz ((0—028)3)] =1044MP&
(0.
- 12
16-139.1243\°

o =3 —6 e =69.4 MPa
" 7(0.028)°

Taking, for example, the Goodman failure critera, application of Eq. (6-46)
gives
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Answer

Taking, for example, the Goodman failure critera, application of Eq. (6-46)
gives

I o o 1044 694
44 B

m

n S, S, 205 0 735
n=1.62

which 1s identical with the previous result. The same process could be used for the other
failure criteria.

=.604

(b) For the yielding factor of safety, determine an equivalent von Mises maximum
stress using Eq. (7-15).

: 27172
y _[(32(1.58)(142.4>) +3(16(1‘39>(124-3))] = 1254 MPa

" 7 (0.008)° 7 (0.028)°
S, 574

=L = 458
e T 1054

For comparison, a quick and very conservative check on yielding can be obtained
by replacing o, with o) + . This just saves the extra time of calculating o, if

o, and o, have already been determined. For this example,

Sy 574

nl": - = :33
YT ol tal 1044 + 694

which is quite conservative compared with n, = 4.58.
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- EXAMPLE 7-2

This example problem is part of a larger case study. See Chap. 18 for the full
context.

A double reduction gearbox design has developed to the point that the general
layout and axial dimensians of the countershaft carrying two spur gears has been
proposed, as shown in Fig. 7-10. The gears and bearings are located and supported
by shoulders, and held in place by retaining rings. The gears transmit forque
through keys. Gears have been specified as shown, allowing the tangential and
radial forces transmitted through the gears to the shaft to be determined as
follows.

Wi;‘::-lmN W;_.:-HIWN
Wi = —RBT0 N W;l = —3900 N

where the superscripts tand r represent tangentiol and radial directions, respec-
tively. and, the subscripts 23 and 54 represent the forces exerted
by gears 2 and 5 (net shown) on gears 3 and 4, respectively.

Proceed with the next phase of the design, in which a suitable material
is selected, and appropriate diameters for each section of the shaft are estimat-
ed, based on providing sufficient fatigue and static stress capacity
for infinite life of the shaft, with minimum safety factors of 1.5,

Figure 7-10

Shafi layoar for Ex. 7-2 Dimensions in millimeters
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Solution wr,

Perform free body diagram ¥ L/Wéa
analysis to get reaction forces T
at the bearings.

Ry,

R —A22 N , 71_
Wi,

Ra = 1439 N P pa
Rp, = 8822 N
Rp, = 3331 N ;

N

From X M,, find the torque in T
the shaft between the gears,

T = Wi,(ds/2) = 2400 (0.3/2)

= 360 N-m

o

360

2822
Generate shear-moment v

diagrams for two planes.

422

x-z Plane |

1439

569

x-y Plane

i
I
1
1
! f 169
I
]
| 101

1C

20

468
Combine orthogonal planes as Mot
vectors to get total moments,

e.g. at J, ~/485% | 1832 —

518 N-m.

|
|
|
|
I
I
|
|
1
I
|
+
|
I
|
|
|
T
|
1
|
I
I
I
|
|
I
I
I
I
[
|
I
1
I
I
|
I
I
1
}
I
I
|
I
I
I
I
I
I
|
1 |
1 I
I |
+ }
1 I
1 |
1 I
| I
1 I
1 U
|
1 I
| I
I I
I
I

Start with Point I, where the bending moment is high, there is a stress con-
centration at the shoulder, and the torque is present.

At[aMa=468N‘m, T,,,=360N-m, Mrn: 51:0
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Assume generous fillet radius for gear at I.

From Table 7-1, estimate K, = 1.7, K;; = 1.5. For quick, conservative first
pass, assume K; = K,, Ky, = K.

Choose inexpensive steel, 1020 CD, with S, = 469 MPa. For S,.,
Eq. (6-19) k, = aS?, = 4.51 (469)~0-265 — 0.883

Guess k;, = 0.9. Check later when d is known.
ke =kal=Fe =1
Eq. (6-18) S. = (0.883)(0.9)(0.5)(469) = 186 MPa.

For first estimate of the small diameter at the shoulder at point I, use the
DE-Goodman criterion of Eq. (7-8). This criterion is good for the initial design,

since it is simple and conservative. With M,, = T, = 0, Eq. (7-8) reduces to
51/2 1/3
d 16n 2 (KJ'M(-_.) I [3 (Kf.s T;n) ]
- T S(’ Sul

g [1605) (2.7 68) (3115 G362} 2\ 1"
| 7 186 x 10° 469 x 10°

d = 0.0432 m = 43.2 mm

All estimates have probably been conservative, so select the next standard size
below 43.2 m. and check, d = 42 mm.

A typical D/d ratio for support at a shoulder is D/d = 1.2, thus, D = 1.2 x 42 =
50.4 mm. Use D = 50 mm. A nominal 50-mm cold-drawn shaft diameter can be used.
Check if estimates were acceptable.

D/d = 50/42 = 1.19

Assume fillet radius r = d/10 = 4 mm 7/d = 01
K, = 1.6 (Fig. A-15-9), ¢ = 0.82 (Fig. 6-20)
Eq. (6-32) Ky=14+0.82(1.6 —1) =1.49

K;s = 1.35 (Fig. A—15-8), g, = 0.95 (Fig- 6-21)
Kpe =1+0.95(1.35 — 1) = 1.33
k, = 0.883 (no change)

42 —0.107
Eq. (6-20 = — 0.833
4. (6-20) ks (7_62) 0.83
S, = (0.883)(0.833)(0.5)(469) = 172 MPa
32K, M, 32(1.49)(468
Eq. (7-5) ol = sMa | 13 )(468) _ 96 MPa
d3 77(0.042)3
142
T6K AT\~ V3(16)(1.33)(360)
Eq. (7-6 g RS e = s
q. (7-6) 7 [ ( L ) ] 7(0.042)3 “
Using Goodman criterion
g vy Ry . 37 _ 068

P R TR T SR e T
ny =1.55
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Note that we could have used Eq. (7-7) directly.
Check yielding.

Sy A 55 393
| Gl | L 96 + 57

Also check this diameter at the end of the keyway, just to the right of point 7,
and at the groove at point K. From moment diagram, estimate M at end of
keyway to be M = 443 N-m.

Assume the radius at the bottom of the keyway will be the standard
r/id = 0.02, r = 0.02 d = 0.02 (42) = 0.84 mm

’
O-rn

= 2507

Py

K, = 2.14 (Fig. A~15-18), ¢ = 0.65 (Fig. 6-20)
Kf =1+ 0.65(2.14 — 1) = 1.74
K,s = 3.0 (Fig. A—15-19), g, = 0.9 (Fig. 6-21)
Krpy=1+4093—1)=28
.| B2E M, 32(1.74)(443)
. » 13 — 106 MP:
Ta wd® 7(0.042)3 feiyiie
KoLl V3(16)(2.8)(443)
= Ve ([ oy i e g — 148 MP:
Tm o) s 7(0.042)3 3
1 o= o 106 148
e bl e e S e s
ny IS L Siis 172 469
ny = 1.08

The keyway turns out to be more critical than the shoulder. We can either
increase the diameter, or use a higher strength material. Unless the deflection
analysis shows a need for larger diameters, let us choose to increase the
strength. We started with a very low strength, and can afford to increase it
some to avoid larger sizes. Try 1050 CD, with S, = 690 MPa.

Recalculate factors affected by S, i.e. k, — S.; g — Ky — o,

ko, = 4.51(690)792% = 0.797, 8. = 0.797(0.833)(0.5)(690) = 229 MPa
g =072, Ky =1+0.72(2.14 — 1) = 1.82
_32(1.82)(443)

: — 110.8 MP:
“a 7(0.042)3 >
1 110.8 148

I L =07
n, 229 690
ny = 1.43

Since the Goodman criterion is conservative, we will accept this as close enough
to the requested 1.5.

Check at the groove at K, since K, for flat-bottomed grooves are often very
high. From the torque diagram, note that no torque is present at the groove.
From the moment diagram, M, =283 N-m. M, = T, = T,, = 0. To quickly check if
this location is potentially critical just use Ky = K, = 5.0 as an estimate, from
Table 7-1.

32K,M,  32(5)(283)
I =5 7(0.042)3 PHS Mba

S, 229 87
7 = =1.18



This is low. We will look up data for a specific retaining ring to obtain K more
accurately. With a quick on-line search of a retaining ring specification using the
website www.globalspec.com, appropriate groove specifications for a retaining ring
for a shaft diameter of 42 mm are obtained as follows: width, « = 1.73 mm; depth,
= 1.22 mm; and corner radius at bottom of groove, r = 0.25 mm.

From Fig. A-15-16, with r/r = 0.25/1.22 = 0.205, and a/r = 1.73/1.22 = 1.42

K, =43, g =0.65 (Fig. 6-20)
K;=1+0.654.3—-1)=3.15

oo KM, DGIEBY
wd? 7(0.042)3

Se 229
ny = o = 1226 1.87

Quickly check if point M might be critical. Only bending is present, and the moment
is small, but the diameter is small and the stress concentration is high for a sharp
fillet required for a bearing. From the moment diagram,
M,=113N-m,and M,, = T,, = T, = 0.

Estimate K, = 2.7 from Table 7-1, d = 25 mm, and fillet radius r to fit a typical
bearing.

r/d = 0.02, r = 0.02(25) = 0.5
g = 0.7 (Fig. 6-20)
Kr=14(0.7)27—1)=2.19

2K M 2(2.19)(11
0(,:3 i gL US EETYe
ad? 7(0.025)3

s sl
o, 16l
Should be OK. Close enough to recheck after bearing is selected.
With the diameters specified for the critical locations, fill in trial values for
the rest of the diameters, taking into account typical shoulder heights for bear-
ing and gear support.

D, = D7 =25 mm

D; = Dg = 35 mm

D3y = D5; =42 mm

D, =50 mm
The bending moments are much less on the left end of shaft, so D, D,, and D;
could be smaller. However, unless weight is an issue, there is little advantage to

requiring more material removal. Also, the extra rigidity may be needed to keep
deflections small.
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