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A REAR AXLE ASSEMBLY
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Traditional nomenclature includes

Axle: Arotating memberin rear axle assembly of the vehicles
Shatft: A rotating member supporting attached elements.
Spindle: A short shaft or axle.

Head or stud shaftA shaft integral with a motor or prime mover.

Line shaft A shaft used to distribute power from one prime mover to many
machines.

Jack shaft A short shaft used for power transmission as an auxiliary shaft between
two other shafts (counter shaft, back shaft).

o To o o Do Do
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Introduction

In machinery, the generalterm ¢ & K Irefeistd
C arotating member,
C usuallyof circularcrosssection,

C which supports gears, sprockets, wheels, rotors, etc.,

and

C s subjectedto torsion and to transverseor axial loads

actingsinglyor in combination.

A shaft is a rotating part used to transmit povasrd motion.
It often carries rotating machine elemen(igke gears, pulleys,
cams, etc.) which assist in thr@ansmission.
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A shatft:

IS a basic member of the most power transmission units and
IS usually assembled with other machine elements such as
bearings, gears, pulleys, sprockets, keys, couplings etc.

/— snap ring
YAy, ___ ltaper
I|III

pin

clamp
collar
key
hub shaft hub
bearing [[ ]| step H= bearing p
| =/
press
fic [N g
1 step step press
\ axial fi
—_ 1t
clearance
frame frame
sprocket gear
FIGURE 9-2

\arious Methods to Attach Elements to Shafts
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C The geometry of a shaft isuallythat of a
stepped cylinder

C Gears, bearings, and pulleys must always be
accurately positionedusuallyby the help of
steppedconfiguration)

- CeommonThonque tnansfern Elemenisedon
shaftsare

C Keys |
cs: Splines T \\ e /\T \iﬂll:;l_]
C Setscrews - ﬂp \Eg‘ub shat j/ - 5 SV
C Pins R E— N — ijﬁ
G Pressor shrink fit % O % PSR
C Tapered fits ﬂ L e " — W

frame frame sheave

sprocket gear
FIGURE 9-2

Various Methods to Attach Elements to Shafts



Keysand Keyways

Pratt Woodruft

Gib—Head key
& Whitney

5

Key

Key Seat on shaft

A typical arrangement of key and key \ihat vILDIRIV
seat in a shaft - gear assembly



CommonTypesOf iSiaftelkeys.
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(a) Square key
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(b) Flat key
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Key usually has drive
fit; is often tapered

(c) Round key



CommonTlypesOf IShaftekeys.

Usually tapered, giving tight Key Is screwed to shaft; hub is free to

fit when driven into place; slide axially — easier sliding is obtained

gib head facilitates removal with two keys spaced 180° apart
(f) Gib-head key (¢) Feather key
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Splined Shaft and Hub

External Spline

Internal Spline



Shaft
(Bottom Fitting)




Splines

y  Splines can be thought of as

\\\;” a series of axial keyways
\ . . 4 - .
- 1y with mating keys machined
(@) General form of spline connection onto a Sha ft
),  There are two major types of
D splines used 1n industry: 1)

straight-sided splines, and 2)

uniform circumterential
transfer of torque to the
(b) Internal spline . N

wnavioshatt than a key. "

d
involute splines.
D
\ o .
[ Splines provide a more
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SetScrews

Set screw



ShaftPins

B. Vi. 31-01

21

Nihat YILDIRIM



Saling

"~
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(a) Straight round pin

) —

CommonTlypesofiSiaftiiRins.

(b) Tapered round pin

(¢) Split tubular spring pin Grooves are produced by rolling,
and provide spring action to
retain pin

Nihat YILDIRIM (d) Grooved pin



Press or Shrink fit (Interference fit

Cooling small parts
is more energy efficient
than heating large parts
Outer diameter
RN - :
FORCE Ui e
TORQUE 3 = ) o :
Inner diameter Inner
- - .6 DS S EED S S EEDS OGS G DD RSN diameter .0uter
diameter
R RN, SRS
Tight fit after temperature ‘\; : N Sy
equilibration of parts N T e
Friction
coefficient
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3-16 Press and -ghrink Fits

A cpfeder whbwond 0 both
maing! and mdenal gressum (a) (b)

there is a shared pressure g, = —p in cach member at the contacting surfaces
P, atthe shared radius R

)

p:
1 /rP+R? | (R 412
! -3 [Eoly bt SRS i e e
[Ea (’3- R? +v,,)+ E, (Rz_,‘; v‘)]

SRy
ih dh

Bonded Slip Fit Bonded Press Fit Bonded Shrink Fit

(3-56)
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Snap Rings (Retaining Ring)

NP 243, Snap Ring, Output Bearing




CommanTypes Ot Retaimng onSnamiRings.
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Internal rings (fit in housing)

E-ring

External rings (fit on shaft)

(a) Conventional type, fitting in grooves g/( g/ EVE/ )
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Constterationsdos Sivafb £2ésign

1. Deflection andrRigidity
I (a) Bending deflection
I (b) Torsionaldeflection
I (c) Slope at bearings and shaft supported elements
I (d) Shear deflection due to transverse loading of shorter shafts

2. Stress=and: Strength
I (a) Static Strength

I (b) Fatigue Strength

I (c) Reliablility

3. Critical Speedribration

Nihat YILDIRIM 28



ShaftMaterials

A Most shafts are madef steek,
I either low-carbon or
T  mediumcarbon.

A However, highguality alloy steel, usually heat treated,
may be chosen for critical applications.

A Other metals, e.g. brass, stainless steel or aluminium,
may be used whereorrosion is a problem or lightness
IS required.

A Small, lightduty shafts, e.g. in household appliances,
may be ||8|Jec_t|ormoulded|n a plastic material such as
nylon or delrin



ShaftMaterials

A Most shaft materials are usually made of different versions of ste

A Most steels have similar moduli of elasticigg that the rigidity
requirement can banet mainlyby geometric decisions, independet
of the material choice among steels.

A Strength to resist loading stressé®wever,affects the choice of
material.

A ANSI 102050steels and 11XX fremachining steels are common
choices.

A Heat treating steelike 134050, 314050, 4140, 4340, 5140, and
8650 produces greater strength.

A Hardness is function of size andifferent methods are important to
guantitatively relate strength to size and hdetatmentregimen.

A Carburizing grades 1020, 4320, 4820, and 8620 are chosen for
surfacehardening purposes.



The material used for shafts should have the following properties :
1. It should have high strength.

2. TItshould have good machinability.

3. Itshould have low notch sensitivity factor.

4. TItshould have good heat treatment properties.

5. It should have high wear resistant properties.
The material used for ordinary shafts is carbon steel of grades 40 C 8,45 C 8,50 C 4 and 50 C 12.
The mechanical properties of these grades of carbon steel are given in the following table.

Table 14.1. Mechanical properties of steels used for shafts.

Indian standard designation Ultimate tensile strength, MPa Yield strength, MPa
40 C 8 560 - 670 320
45 C 8 610 - 700 350
50C4 640 - 760 370
50C 12 700 Min. 390

When a shaft of high strength is required, then an alloy steel such as nickel, nickel-chromium or
chrome-vanadium steel is used.

Nihat YILDIRIM 31



In designing shafts on the basis of strength, the following cases may be considered :
(a) Shafts subjected to twisting moment or torque only,

(b) Shafts subjected to bending moment only,

(¢) Shafts subjected to combined twisting and bending moments, and

(d) Shafts subjected to axial loads in addition to combined torsional and bending loads.

The following stresses are induced 1n the shafts :
1. Shear stresses due to the transmission of torque (i.e. due to torsional load).

2. Bending stresses (tensile or compressive) due to the forces acting upon machine elements
like gears, pulleys etc. as well as due to the weight of the shaft itself.

3. Stresses due to combined torsional and bending loads.
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ShaftDesign | T

General Considerations

A 1. To minimize both deflections and stresses, the
shaft length should be kept as short as possible ; u

and Overhangs minimized. Straddle mounted
A gear subassembly

2. A cantilever beam will have a larger deflection ]

than a simply supported (straddle mounted) one _

for the same length, load, and cross section, so - =

straddle mounting should be used unless a 4

cantilever shatft iglictated by design constraints. — W~ 1J —
A 3. A hollow shaft has a better stiffness/mass ratio e i -

(specific stiffness) and higher natural frequencigs it

than a comparably stiff or strong solid shaft, but
will be more expensive and larger in diameter.

A 4. Try to locate stressiisers away from regions ¢

Section of

large bending moment if possible and minimize|  concentrated stress Point of maximum

bending moment

their effects with generous radii and relief.

Shafts and axles often have stepped geometry to
accommodate gears and pulleys and to restrict axial
displacement. These sudden changes in cross section, as
well as features like notches and holes, are locahstress
intensifiers and potential trouble spots for fatigue.



A 5. General low carbon steel is just as good as higher strength steels (since
deflection is typical the desigmiting issue).

A 6. Deflections at gears carried on the shaft should not exceed about 0.005 inc
(125micron)and the relative slopéetween the gears axes should be less than
about 0.03 degrees

A 7. If plain (sleeve) bearings are to be used, the shaft deflection across the bee
length should be leshan the oitilm thickness in the bearing.

~

A 8 Ifnonseltl ft AGYyAy3I NREtEtAYy3I SESYSYyd oS|I N
bearings should be kepo less than about 0.04 degrees.

A 9. If axial thrust loads are present, they should be taken to ground through a
single thrust bearing pdoad direction. Do not split axial loads between thrust
bearings as thermal expansion of the shaft caarload the bearings.

A 10. The first natural frequency of the shaft should be at least three times the
highest forcing frequencgxpected in service, and preferably much more. (A
factor of ten times or more is preferred, but thisofien difficult to achieve).



1. Shaft Deflections and rigidity

I (a) Bending deflection

I (b) Torsional deflection

I (c) Slope at bearings and shaft supported elements

I (d) Shear deflection due to transverse loading of shorter shafts

A Bending deflection of shafts are sometimes the dictating
criterion for shaft sizing.

A 4 different methods of shaft bending deflection calculations are:
A Standart tables for specific loadings
AMethod of integration (by singularity functions),
AMethod of Areamoment
AEnergy method



Standart tables for specific loadings

Table A-9 1 Canfilever—end load
Shear, Mcment, and y R =V=F M, =FI
. | ,
Deflection of Beams | M= F(e—1)
(Note: Force and l,r i
moment reactions are . : 7 —
nent’ s ar G} —_— T ¥ 6EI(I 30)
positive in the directions M, A o
shown; equations for R Veux = —
: 3ET
shear force V and ;
bending moment M
follow the sign
_'.
conventions given in
_ X
Sec. 3-2.) 5 Simple supports—center load
M .
Y - I > Ri=Ry, = L
’ 2
- S jF
Vap =R Vee = —HR»
A B c AR 1 BC 2
M X Fx F
R, ‘tR_j Mg = B3 Mpc = 5[." —x)
Fx . A
v AR = ———(4x2 — 312
VAR 4851[ X )
. FP
+ Ymax = T USE]
X
M
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3 Cantilever—uniform load

{

@ AAEREEITTRITRLE
= __—-___-——_

W2
Ri=wl M =2

2
Vowl-x) M=-Z(-x
wx’ 5 ,
y = S (4lx — 3 = 61?)
o whk
VYmax = _E
7 Simple supports—uniform load
y
= I =
1222222222222 22Y
i T
R, 'Rz
v
+
M

wx . .
y= m{l’r —x —=1)
‘ Swi*
Ymex = T 3R4E]T
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Method of
Integration
(by singularity
functions)

i

The curvature of a beam subjected to a bending moment M is given by

1 M
5T El (4-8)

where p 1s the radius of curvature. From studies in mathematics we also learn that the
curvature of a plane curve is given by the equation
1 d’y/dx*

o~ [+ (dy/dx)"T" (4-9)

where the interpretation here is that y is the lateral deflection of the beam at any point
v along its length. The slope of the beam at any point x is

0= —- e}

For many problems in bending, the slope is very small, and for these the denominator
of Eq. (4-9) can be taken as unity. Equation (4-8) can then be written

M d*y
- b
EI  dx? (b)
Noting Egs. (3-3) and (3—4) and successively differentiating Eq. (b) yields

V dy
2 =22 ()
EI  dx-

g _d'y
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Loading, w
w = 80 [bffin

Shear, V
V, = +800 Thi
Vy = —800 Th

Slope, EIf
=10

Deflection, Elv

yp=y=0
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Singularity p——

-
Meaning

fu nCtI ons Concenfrated (x—a)? x—a)?=0 x#a
» momenf

q ( X ) — e[unitdoublet]

{X—G‘}_E =400 x=a

) f{x—d}‘zd)c:{x—a}‘]

Eoncenfruted r—a) x—ay' =0 x£a
orce L B
unit impulse| 4 x—a)y~ =400 x=a
f{x—a}"] dx = (x — a)°
4 .
q — d }1 -~ 1 —
El dx?
. (x—a)® 0 0 x=<=a
d3v Unit step x— a) ={ e
— ”3 f p—
El dx i f{X—G}DdX={X—G}]
M dz‘g} X
Ejf - dtz - (] ——=
: 0 X<da
(x—a) a1
{-}':ﬂ Kamp k—a) _{X—G Xx=a
dx ] 5
] f{X—G}]dX={X 20}
y= f(x) x
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Method of
Areamoment

M Load

et |
——

Geometry of area-moment method for finding
Nihat Yidefarmation & in simply supported beam 41



Energy
Methods for
elastic
deflection
determination

(@) Pure shear element

Strain Energy

The external work done on an elastic member in deforming it is transformed into strain,
or potential, energy. If the member is deformed a distance y, and if the force-deflection
relationship is linear, this energy is equal to the product of the average force and the
deflection, or
F F?
U=—y=— (a)
2° 2k
This equation 1s general in the sense that the force F can also mean torque, or moment,
provided, of course. that consistent units are used for k. By substituting appropriate
expressions for k, strain-energy formulas for various simple loadings may be obtained.
For tension and compression and for torsion, for example, we employ Egs. (4—4) and

(4-7) and obtain

F?

U= AR tension and compression (4-15)
Tl

U= Yo torsion (4-16)

To obtain an expression for the strain energy due to direct shear, consider the
element with one side fixed in Fig. 4—8a. The force F places the element in pure shear,
and the work done 1s U = F4/2. Since the shear strainis y =48/l =1/G = F/AG,

we have
F2l
U=
Nihat YIRARIM

direct shear (4-17)
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The strain energy stored in a beam or lever by bending may be obtained by refer-
ring to Fig. 4-8b. Here AR is a section of the elastic curve of length ds having a radius
of curvature p. The strain energy stored in this element of the beam 1s U = (M /2)d#.
Since pd# = ds, we have

M ds 1 M

dU = - =— b
2p p EI (o]
We can eliminate p by using Eq. (4-8). Thus
M? ds
JU = ()
2E] . /
For small deflections, ds = dx. Then, for the entire beam / /

2E]

U=fM_dI bending (4-18) /4#4

\
P
‘ORR
Equation (4—-18) 1s exact only when a beam 1s subject to pure bending. Even when ds B4
shear 1s present, Eq. (4—18) continues to give quite good results, except for very short
beams. The strain energy due to shear loading of a beam 1s a complicated problem. An dx%—‘
approximate solution can be obtained by using Eq. (4-17) with a correction factor
whose value depends upon the shape of the cross section. If we use C for the correction (b) Beam bending element
factor and V for the shear force, then the strain energy due to shear in bending 1s the
integral of Eq. (4-17), or

U= S 4% pnding shear (4-19)
2AG
Table 4-1
Values of the factor C are listed in Table 4—1. Beam Cross-Sectional Shape  Factor €

Strain-Energy Correction

Factors for Shear Relctﬂngulc::r 1.2
Source: Richard G. Budynas, Circular 111
Advanced Skength and Thinrwalled tubular, round 2.00
Applied Stress Analysis, Box secfions! 1.00
/| MR R NHIll '
Nﬁﬁﬁi{h 1WQM_|I ) Structural sections’ 4%0

Coorinht © 1999 The



Castigliano’s Theorem

A most unusual, powerful, and often surprisingly simple approach to deflection analy-
sis 1s afforded by an energy method called Castigliano’s theorem. It is a unique way of
analyzing deflections and is even useful for finding the reactions of indeterminate struc-
tures. Castigliano’s theorem states that when forces act on elastic systems subject to
small displacements, the displacement corresponding to any force, in the direction of
the force, is equal to the partial derivative of the total strain energy with respect to that
force. The terms force and displacement in this statement are broadly interpreted to
apply equally to moments and angular displacements. Mathematically, the theorem of
Castigliano is

alU

= 4-20
oF (4-20)

d;

where &; 1s the displacement of the point of application of the force F; in the direction
of F;. For rotational displacement Eq. (4-20) can be written as

alU

6; = 4-21
= (4-21)

where 6; is the rotational displacement, in radians, of the beam where the moment

M; exists and in the direction of M;.
As an example, apply Castigliano’s theorem using Egs. (4-15) and (4-16) to get
the axial and torsional deflections. The results are

5 = 9 (F_Q'J) _ E (a)
dF \2AE AE
d T2l Tl

Niflagy| I!\zm) =7 4kb)




EXAMPLE 4-9 A cantilever has a concentrated load F at the end, as shown in Fig. 4-9. Find the strain
energy in the beam by neglecting shear.

¥

| Figure 4-9 < !

F 7

¥mar .Illl"f_ d.]. .
I U=f TF] bending

—_——
J—

Solution At any point x along the beam, the moment is M = — Fx. Substituting this value of M
into Eq. (4-18), we find

P F2x2 dx P
2EI  6EI

Answer U= f
0

a

energy for a cantilever having a concentrated end load was found. According to
Castigliano’s theorem, the deflection at the end of the beam due to bending is

dU d (FEP‘) FI°?

¥ (e)

 dF  aF \6eEI ] 3EI
which checks with Table A—9—-1. 1 Canfilever—end load
Y R =V=F M, =Fl
i .
| M = F(x — )
- X
'l Fx?
C@ — v= g —3D
M 1=, | FPP
Ymax = T3FT
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2. Stress=and Strength

Structural metal behavior is typically classified as being ductile or brittle,
althoughunder special situations, a material normally considered ductile
can fail in a brittlananner

Ductile materiald NB y 2 NX I f f & Off(fradtulie/stfam)® R n & dzp |

and have an identifiable yield strength that is often the sameompression
as in tensior{Syt = Syc = Sy ).

NAGOGES YFOSNAFTAY sF f nonpX R2 VY
strength, and are typically classified by ultimate tensile and compressive

strengths,Sutand Suc, respectively (where Suc is given as a positive
guantity, and usually&uc >Su) .

Most materials are designed for:
I (a) Static Strength
I (b) Fatigue Strength
i (c) Reliability



2. Stress=zand: Strength

a) Staticstrengthdesigntheoriesvarydependingon the type of
materialbehaviour

Forductile materials

A 1.Maximum shear stress (MSS),
2. Distortionenergy(DE),
3. DuctileCoulombMohr (DCM)

Forbrittle materials

1. Maximumnormalstress(MNS),
2. Brittle CoulombMohr (BCM)

3. Modified Mohr (MM)




Failure of Ductile Materials
Maximumear 3ress (MSS)heory

A Plane stress problems are very common where one of the principal stresses i
and the other two, Aand" , are determined froma 2 K biida

A Assuming that % ,there are three cases to consider for plane stress:
Case 1.

A A x nd C2NJ {KAEBR Oloda I3 mimeditiedb alyiel y

condition of ! Sy

Case 2:

A Ax 5n .dx | SNBX yRm™ band Eq. (61) becomes! b Sy

Case 3.

An Kk @ C2N) GKAA Ol a%aE] @) gives1. I3¢R: o

Figure 5-7 s
Maximum Shear Stress | Sy
The maximum-shear-stress
(M SS) Theory (IMSS) theory for plane stress, | Casel
where o4 and og are the two
Ssy =0 S*Sy nonzero principal stresses. S,
' s, G
Case 2
/ -8
Case 3



Failure of Ductile Materials
Distortion Energy (DE) Theory

Ve

AC2NJ LI IyS &adWBaas dSUGKS Uéz y2yI1l SN
A Then we get

!

o' = (0j — oaop + JB)W

A This effective stress is usuatiglled thed2 y a A & S dnanded Hit® Hra >
R. von Mises, who contributed to ttieeory. Thusfailure, for yield, can be

written as = Sy X

This equation can be expressed as a design equation by

5‘};

n

rnyvic o-z

The distortion-energy (DE)
theory for plane sfress stafes.

This is a plot of points
obtained from Eq. (5-13)

Distortion Energy (DE) Theory with o’ = S,

Ta

hd -
Pure

shear load line (0, = —op=1)

Nihat YILDIRIM -




Thus, the shear yield strength predicted by the distortion-energy theory is
Ssy = 0.5778, (5-21)

which as stated earlier, is about 15 percent greater than the 0.5 S| predicted by the MSS

— DE
——— MSS
==—= Load lines

(d)
Nihat YILDIRIM 50



Failure of Ductile Materials

Coulomb Mohr (CM) Theory

Coulomb-Mohr Theory for Ductile Materials

Not all materials have compressive strengths equal to their comesponding tensile
values. For example, the yield strength of magnesium alloys in compression may be as
little as 30 percent of their yield strength in tension. The ultimate strength of gray cast
irons in compression varies from 3 to 4 times greater than the ultimate tensile strength.
S0, 1n this section, we are primarily interested in those theones that can be used to pre-

dict failure for matenals whose strengths in tension and compression are not equal.

The practical difficulties aside, Mohr’s hypothesis was to use the results of tensile,
compressive, and torsional shear tests to construct the three circles of Fig. 5-12 defining
a failure envelope, depicted as line ABCDE in the figure, above the & axis. The failure

Figure 5-12 - v

Three Mohr circles, one for the
uniaxial compression lest, one
for the test in pure shear, and
ane for the uniaxial tension test,
are used to define failure by the
Mahr hypothesis. The strangths
5 and 5¢ are the compressive
and tensile sirengihs,
re_spe,d’we}-:,f: rhe}r can be used Nihat YILDIRIM S 51
for yield or ulimate strength.




Figure 5-12
Three Mohr circles, one for the

uniaxial compression fest, one
for the test in pure shear, ang
one for the uniaxial fension test,
are used to define failure by the
Mohr hypothesis. The strengths
5: and 5t are the compressive
and tensile sirengths,

respeciively; they can be used
for vield or ulimaie strength.

Figure 5-13
Mohr's largest circle for a

general sfate of stress.

—5

C

Coulomb-MMohr
failure line
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A variation Df Mohr’s theory, called the Coulomb-Mohr theory or the internal-friction
theory, assumes that the boundary BCD in Fig. 5—12 is straight. With this assumption only
the tensile and compressive strengths are necessary. Consider the conventional ordering of
the principal stresses such that o; = o> = 3. The largest circle connects o) and o3, as
shown in Fig. 5-13. The centers of the circles in Fig. 5-13 are C,, C,, and C;. Triangles

OB,C,; are similar, therefore
B,C, — BiCiy BiC3 — BiCy
0C,—0C, 0Cy;— 0C,

oy, MPa
or 300 —
oy —o3 5 S 5 ,__maxnomal o
- —_ 1 -
2 2 2 2 i mog.'s‘i‘)i\!__ -5 “WAohS i
S oy + 03 Sc n St SebfTT T
- o e —700 -300
2 2 2 2
Cross-multiplying and simplifying reduces this equation to
oy 03
LA p—
S f SE‘ © Gray cast-iron data
where either yield strength or ultimate strength\can be used
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Cross-multiplying and simplifying reduces this equation to
o] 7y

———==1 5-22
S s (5-22)

where either yield strength or ultimate strength can be used.

For plane stress, when the two nonzero principal stresses are o4 = og, we have
a situation similar to the three cases given for the MSS theory, Egs. (54) to (5-6).
That is,

Case 1: 04 = o = 0. For this case, oy = 04 and o3 = 0. Equation (5-22)
reduces to a failure condition of

o4 = 5 (5-23)

Case 2: 04 = 0= op. Here, oy = 04 and 03 = op, and Eq. (5-22) becomes

— ——=>1 (5-24)
\Y S
Case 3: 0 = o4 = op. For this case, oy = 0 and o3 = op. and Eq. (5-22) gives
op = —5; (5-25)

A plot of these cases, together with the normally unused cases corresponding to
op = o4, 1s shown in Fig. 5-14.
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Figure 5-14 L
Plot of the Coulomb-Mohr

theory of failure for plane
stress stafes. T,

-5

C

For design equations, incorporating the factor of safety n. divide all strengths by n.
For example, Eq. (5-22) as a design equation can be written as

o a3 1

B A (5-26)

S S nm
Since for the Coulomb-Mohr theory we do not need the torsional shear strength
circle we can deduce it from Eq. (5—-22). For pure shear 1, ¢y = —o3; = 1. The torsional
yield strength occurs when Ty, = ;. Substituting oy = —o3 = §,, into Eq. (5-22)

and simplifying gives

St Sye
Ssy = ﬁ (5-27)
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14.9 Shafts Subjected to Twisting Moment Only

When the shaft 1s subjected to a twisting moment (or torque) only, then the diameter of the shafi
may be obtained by using the torsion equation. We know that

T T
- == )
where T = Twisting moment (or torque) acting upon the shaft,

J = Polar moment of mnertia of the shaft about the axis of rotation.

T = Torsional shear stress. and

The equation (7) may now be written as

T T |8 3 B
== o T=_xtxd (1)
Teagt 2 16
32 2

From this equation. we may determune the diameter of round sohid shaft ( & ).
We also know that for hollow shaft. polar moment of mnertia,
n 4 4
= —\1{d ) —(d.
J = 35 (@)~ )]

where d_and d. = Outside and mside diameter of the shaft. and r=4d_/ 2.
Substituting these values m equation (7). we have

T T d )t — )
5@ -@)3r] = g
Let k = Ratio of mnside diameter and outside diameter of the shaft
=d./d,

Now the equation (777) may be written as

_ T M mfﬁql m T 3 Bt .
T==XTX— {W {_d —lﬁﬂ(ﬂ}} 1-£") (1)

a o
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Example 14.3. Find the diameter of a solid steel shaft to transmit 20 kW at 200 r.p.m. The
ultimate shear stress for the steel may be taken as 360 MPa and a factor of safety as 8.

If a hollow shafi is to be used in place of the solid shafi, find the inside and outside diameter
when the ratio of inside to outside diameters is 0.5.

Solution. Given : P =20 kW =20 x 10° W: N= 200 r.p.m. ; T, = 360 MPa = 360 N/mm? :
ES.=8:k=d./d =05

We know that the allowable shear stress,

T 360
T= % = = 45 N/mm?
F.5. &

Diameter of the solid shaft
Let d = Diameter of the solid shaft.
We know that torque transmitted by the shaft,

Px60 20x%10° x60 ]
T = = =055 N-m = 955 =% 10° N-mm
TN 2T = 200

We also know that torque transmitted by the solid shaft (7).

T i
055 % 103 = — X TXd =—xX45Xd° =8.84d>
16 16

d? =955 x10°/8.84=108 032 or d=47.6say 50 mm Ans.
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We know that torque transmitted by the shaft.

Px60 20x10° x60 _
T = = =055 N-m = 955 % 10° N-mm
2N 27 % 200

We also know that torque transmitted by the solid shaft (7).

T b
055 x 10° = — X TXd =—x45xd> =8.84d3
16 16

Diameter of hollow shaft
Let d. = Inside diameter, and
d_ = Outside diameter.
We know that the torque transmitted by the hollow shaft ( T').

T
055 x 10° = — T(d,) 1-k

= L 45,y [1-(0.5)*] =83 (d)?

16
(d)* =955x10°/83=115060 or d =48.6say 50 mm Ans.
and d. =05d,=05x50=25mm Ans.
Nihat YILDIRIM

d? =955x10°/8.84=108 032 or d=47.6say 50 mm Ans.
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14.10 Shafts Subjected to Bending Moment Only

When the shaft is subjected to a bending moment only. then the maximum stress (tensile or
compressive) is given by the bending equation. We know that
M _ %

? -~ ..(1)

Example 14.4. A pair of wheels of a railway wagon carries a load of 30 kN on each axle box,
acting at a distance of 100 mm outside the wheel base. The gauge of the rails is 1.4 m. Find the
diameter of the axle between the wheels, if the stress is not to exceed 100 MPa.

Solution. Given: W=30kN=50x 10°N : L=100mm : x=14m : ¢, = 100 MPa= 100 N/mm’

S0 kN 50 kN
100 mm f——— 4 m ————=] 100 mm
AT, I~ B
C [
Re Ry
Fig. 14.1

The axle with wheels 1s shown in Fig 14.1.

A little consideration will show that the maximum bending moment acts on the wheels at C and
D. Therefore maximum bending moment.

*M = W.L=50x=10% = 100=75 = 105 N-mm
Let d = Diameter of the axle.
We know that the maximum bending moment (M),
5x 108 = ixﬁb xd® = %100 x d° =982 4°

32 Nihat $A.DIRIM 59
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14.11 Shafts Subjected fo Combined Twisting Moment and Bending Moment
When the shaft 15 subjected to combined twisting moment and bending moment, then the shaft
must be designed on the basis of the two moments ssmultaneously. Vanous theories have been sug-
gested to account for the elastic failure of the materials when they are subjected to various types of
combined stresses. The following two theories are umportant from the subject pomnt of view :

1. Maximum shear stress theory or Guest's theory. It 15 used for ductile matenals such as nmld
steel.

2. Maximmum normal stress theory or Rankine 's theory. It 1s used for bnittle materials such as

cast wron.

Let T = Shear stress induced due to twisting moment. and
0, = Bending stress (tensile or compressive) mnduced due to bending
moment.

According to maximum shear stress theory, the maximum shear stress i the shaft.

|
- E (ﬁb}z + 41

T =

Substituting the values of T and 6, from Art. 14.9 and Art. 14.10, we have

- %2 32
T =l 323’5| +4 —lﬁi; =—163[ ME+T1]
me 2\ nd” ) nd” ) nd

T 3 _ [ 2
b Tmﬂ # d - _.H + T ———
o X J )

The expression , f'j'.gf1 + T? isknown as equivalent twisting moment and is denoted by T _The
equivalent twisting moment may be defined as that twisting moment. which when acting alone. produces
the same shear stress (1) as the actual twisting moment. By limiting the maximum shear stress (T, _)
equal to the allowable shear stress (T) for the matenal, the equation (7) may be written as

3 1 3 :
T =M +72 =—xtxd
£ Nihat YILDI@IM (a1 60

From this expression. diameter of the shaft ( 4 ) may be evaluated.




Now according to maximum normal stress theory, the maximum normal stress in the shaft.

1 1 3 3 .
Opimay) = 7 O, + 3 \,(Ub:" +4r _..(117)

i F

1 32M 1 MY 16T Y
2 nd 2 nd nd

321 T3
_E[;(M +MI+T )}

.

of % X O (mam) * d> = % [M’ + M+ Tl} ()

i

1
The expression 5 |:|-ff"i'r + ﬁu'Mrz +T ﬂ 15 known as equivalent bending moment and 1s denoted

by M__ The equivalent bending moment may be defined as that moment which when acting alone
produces the same tensile or compressive stress (0;) as the actual bending moment. By linuting
the maximum normal stress [¢ Bm ﬂj] equal to the allowable bending stress (G,). then the equation (7v)

may be written as _ _
1 2.2 _ T 3 1
‘Mﬁ' — ; |:..M + AM + T ] = 3}} x ﬂ-‘l_:,, X I:-'liI ___[:‘l]

i

From this expression, diameter of the shaft ( 4 ) may be evaluated.

Notes: 1. In case of a hollow shaft, the equations (i7) and (v) may be written as

I - M +T =%x1{a’p}"' 1-k*

T -
and M, = N+ P+ 17)= 2570 (@)’ Q- K"

2. Itis suggested that diameter of the shaft makdte@bidindd by lising both the theories and the larger of the
fwo values is adopted.
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Example 14.5. A solid circular shaft is subjected to a bending moment of 3000 N-m and a

torqgue of 10 000 N-m. The shaft is made of 45 C 8§ steel having ulfimate fensile stress of 700 MPa and
a ultimate shear stress of 300 MPa. Assuming a factor of safety as 6, determine the diameter of the
shaft.

Solution. Given - M = 3000 N-m = 3 = 105 N-mm : 7= 10 000 N-m = 10 = 10% N-mm :
@, = 700 MPa =700 N/mm? : T, = 300 MPa = 500 N/mm?®
We know that the allowable tensile stress,

G, o1 G, = s = 5 =116.7 N/mm’
and allowable shear stress,
1, 500 3 N
t_F_S__ e -5 ‘mm
Let d = Dhameter of the shaft in mm_

According to maximum shear stress theory, equivalent twisting moment,

T, = M + T2 =3 %10°) + (10x10%)? =10.44 x 10° N-mm
We also know that equivalent twisting moment (1),
1044 = 10% = %x txd’ =%:~:33_3 xd' =16.36 d3

d® =1044x108/1636=0.636 = 10° or d =86 mm
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Failure of Brittle Materials

For brittle materials (Suc>>Sut) failure theories are:
1. Maximum normal stress (MNS) theory,

2. Brittle Coulomb-Mohr (BCM) theory

3. Modified Mohr (MM) theory

Figure 5-19 o, MPa

Biaxial fracture data of gray 300

cast iron compared with max. normal

various failure criteria.

I
([Dowling, N. E., Mechanical : . A - N".,:Um
Behavior of Materials, 2/e, s ! ety
1999, p. 261. Reprinted by | | | | |
=700 =300

permission of Pearson
Education, Inc., Upper Saddle
River, New fersey.)

© Gray cast-iron data

Nihat YILDIRIM
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Figure 5-20

A plot of experimental data
points obtained from tests on
cast iron. Shown also are the
graphs of three failure theories
of possible usefulness for britlle
materials. Nofe points A, B,
C, and D. To avoid
congestion in the first
quadrant, points have been
plotted for o4 = o as well as
for the opposite sense. (Source
of data: Charles F Walton
led.), lron Castings
Handbook, Iron Founders’
Society, 1971, pp. 215,
216, Cleveland, Ohio.)

Modified Mohr

R _SI:-I'.!
—
'.._...-"' II__...---
=
.-_','..':" |
T I Il
=90 —60 —30
ASTM No. 30 C.L

Sy = 31 kpsi, 5, = 109 kpsi

Coulomb-Mohr .
—60

Maximum-normal-stress

oC

Nihat Yﬁﬁ‘?RlM —150
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Figure 5-21

Failure theory selection
flowchart.

-«— RBrittle behavior -

< 0.05

Yes

Conservative?

Mod. Mohr Erittle Coulomb-Mohr
(MM) (BCM)
Eq. (5-32) Eq. (5-31)

Y

- Ductile behavior

=0.05

Ductile Coulomb-Mohr
(DCM)

Eq. (5-26) Yes

Conservative?

Distortion-energy Maximum shear stress

(DE) (MSS)
Egs. (5-15) Eqg. (5-3)
and (5-19)
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2. Stress-and: Strength

b) Fatiguestrengthdesigntheories
alsovarydependingon the type of materialbehaviour

Forductile materials
1.
2.
3.
Forbrittle materials
1.
2.
3.
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2. Stress-and: Strength

b) Fatiquestrengthdesigntheories

varydependingon whether afinite life or aninfinite life isrequired
(andare not dependenton the type/ behaviourof material):

Infinite Life Theories
1.

2.

3.

FiniteLife Theories
1.

2.

3.




Figure 6-23

Some stressfime relafions:

la) fluctuating stress with high-
frequency ripple; (b and c)
nonsinusoidal Huctuating
stress: (d) sinusoidal Hucrumﬁng
stress; (e} repeated stress;

if comp|ete-|*,r reversed
sinusoidal stress.

Stress

AV
N\

()

Stress

Stress

()

f/\/\/\“m
VAAVAR

()

JANVAN ,
I/ U\/\/ Time
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Figure 623 illustrates some of the various stress-time traces that occur. The com-
ponents of stress, some of which are shown in Fig. 6-23d, are

Omin = MINIMUM stress om = midrange component
Omgr = Maximum stress o, = range of stress
og, = amplitude component oy = static or steady stress

The steady, or static, stress is nof the same as the midrange stress; in fact, it may have
any value between oy, and o,,,. The steady stress exists because of a fixed load or pre-
load applied to the part, and it is usually independent of the varying portion of the load.
A helical compression spring, for example, 1s always loaded into a space shorter than
the free length of the spring. The stress created by this initial compression 1s called the
steady, or static, component of the stress. It is not the same as the midrange stress.

We shall have occasion to apply the subscripts of these components to shear stress-
es as well as normal stresses.

The following relations are evident from Fig. 6-23:

Omax + Omin
Jm — a
(6-36)
Omax — Omin
Uﬂ' — 2

Nihat YILDIRIM
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Infinite life theories

Figure 6-27

Fatigue diagram showing
various criteria of failure. For
each criterion, points on or
"above” the respective line
indicate failure. Some point A
on the Goodman line, for
example, gives the sirength Sp,
as the limiting value of oy,
corresponding to the strength
Sa, which, paired with oy, is
the limiting value of oy.

o

Alternating stress o,

Co
QD

"]

- .‘I‘;

A Yield Theory/Line (S3y)

A Soderberg (S8y)

A ASME Eliptic (S8y)

A Gerber theory/Line (S8ut)
A Modified Goodman (S8&ut)

-
N
N
N
\\ Yield ( Langer) lin
ield (Langer) line
\ -
\[
N
N
N _
WY Gerber line
Load line, slope r = §,/S,,
N
N
N Modified Goodman line
AN
< | \ ASME-elliptic line
Saderberg line | \\
| A
N/ |
{) u m Si.f.' S\ l(;u'h"

Midrange stress o,
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Figure 6-27

Fatigue diagram showing
various criteria of failure. For
each criterion, points on or
"above” the respective line
indicate failure. Some point A
on the Goodman line, for
example, gives the strength Sy,
as the limiting value of o,
corresponding to the strength
Sa, which, paired with oy, is
the limiting value of o.

Sh=N*"0,

|
i

A
N\
N\ . :
N\ Yield ( Langer) line
\ \/_
B A
. N\
g S N _
= LY Gerber line
fé}‘ Load line, slope r=8_/S,,
= N
g N\
= N Modified Goodman line
< S:J __________ e \
| A
Ua = | N ASME-elliptic line
Soderberg line | \\
| a
0 at '
0 Gm Sur 5_1' Srrf
Midrange stress o,
—_— *

Peell
et

The criterion equation for the Soderberg line is

Similarly, we find the modified Goodman relation to be

Sﬂ Sm
s, - . { )
Sﬂ Sm
— 4+ — =1 (6-41)
SE Su!
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5 &
N
N
\'\
~ Yield ( Langer) line
N f
e Y
It A
g S N _
= N Gerber line
;_}J Load line, slope r = AT
g \\
2 N\ Modified Goodman line
< Sﬂ __________ e \
| A
Ga = | N ASME-elliptic line
Soderberg line | \\
| S
—_p —_
stmw_n Om ﬂSNgN_ N0y 0 o J 1 ‘
0 m 3‘.’” ‘s".' ‘()rrf

Midrange stress o,
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

S, (Sm )E
—+(—) =1 (6-42)
Se Sut

and the ASME-elliptic is written as
2

S \% /S,
(5) +(5) = e

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

Nihat TSlLDIRII\/I
= ¥

Sa + S (6-44)
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The stresses no, and noy,, can replace S, and S,;, where n is the design factor or factor
of safety. Then, Eq. (6-40), the Soderberg line, becomes  § _=n*o,, S,=n*o,

i
e

Sa Sm o o |
— 4+ — =1 Soderb 4 L= 6-45
S, + s, oderberg s, + S, " ( )
Equation (6—41), the modified Goodman line, becomes
1
mod-Goodman Ga + Om _ Z (6—46)
Se Sut n
Equation (6—42), the Gerber line, becomes
2
noy nop
Gerber +( ) = | (6-47)
Se Sut
Equation (6—43), the ASME-elliptic line, becomes
2 2
ASME-elliptic (”““ I A (6-48)

We will emphasize the Gerber and ASME-elliptic for fatigue failure criterion and the
Langer for first-cycle yielding. However, conservative designers often use the modified
Goodman criterion, so we will continue to include it in our discussions. The design

equation for the Langer first-cycle-yielding 1s
Sy
Langer static yield o, + o, = = (6—49)
Nihat YILDIRIM "
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Alternating stress o,

The failure criteria are used in conjunction with a load line, r = 5,/8, = 0, /a,,.
Principal intersections are tabulated in Tables 66 to 6—8. Formal expressions for
fatigue factor of safety are given in the lower panel of Tables 6—6 to 6-8. The first row
of each table corresponds to the fatigue criterion, the second row is the static Langer
criterion, and the third row corresponds to the intersection of the static and fatigue

Table 6-6 Intersecting Equations Intersection Coordinates
Amplitude and Steady 5 S, ] rS.S,
Coordinates of Strength 5E T Sa = rSe + S
and |m|::_-=::-r11::|t|’r _ Load line r — Sa _ Sa
Intersecfions in First Sm r
Quadrant for Modified Sa | Sm rS,
Goodman and Langer S 5 T+r
Failure Criteria Load line r — Sa _ 5
Sm 1 +r
5.5 5,-%)S
Se  Sw S — S
Sa | m
=+t =1 S:r=5_5mrcrt=$.l'r5n
) AN Fafigue factor of safety
\\\ Yield ( Langer) line .I
< " =5s  om
’ \\ Gerber line = T
S Load line, slope r = 5,15, i Sur
0:;- :A ~ ASME-elliptic line
Soderberg Imcl \\\
% On sl s, S,

Midrange stress a,,
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Table 6-7

Amplitude and Steady
Coordinates of Strength
and Important
Intersecfions in First

Quadrant for Gerber

and langer Failure

Criteria

N Modified Goodman line

~ ASME-elliptic line

Load line, slope r = §,/S,,

Intersecting Equations Intersection Coordinates

NORENES R
Loudliner:% 50— 22

sty =1

I_oudliner:% S0 = T

HCEEES RG]
S § = Sy~ Suufen = o/ S

Fatigue facior of safety

e G [ ()| oo
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Fatigue strength S, , kpsi

Finite life theories
SN Curve for varying load condition
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The Endurance Limit

The determination of endurance limits by fatigue testing is now routine, though a lengthy
procedure. Generally, stress testing is preferred to strain testing for endurance limits.

For preliminary and prototype design and for some failure analysis as well, a quick
method of estimating endurance limits is needed. There are great quantities of data in
the literature on the results of rotating-beam tests and simple tension tests of specimens
taken from the same bar or ingot. By plotting these as in Fig. 617, it is possible to see
whether there is any correlation between the two sets of results. The graph appears to
suggest that the endurance limit ranges from about 40 to 60 percent of the tensile
strength for steels up to about 210 kpsi (1450 MPa). Beginning at about S,; = 210 kpsi
(1450 MPa), the scatter appears to increase, but the trend seems to level off, as sug-
gested by the dashed horizontal line at §, = 103 kpsi.

We wish now to present a method for estimating endurance limits. Note that esti-
mates obtained from quantities of data obtained from many sources probably have a
large spread and might deviate significantly from the results of actual laboratory tests of
the mechanical properties of specimens obtained through strict purchase-order specifi-
cations. Since the area of uncertainty is greater, compensation must be made by employ-
ing larger design factors than would be used for static design.

For steels, simplifying our observation of Fig. 617, we will estimate the endurance
limit as

0.55,; Sur < 200 kpsi (1400 MPa)
S, = { 100 kpsi Sur = 200 kpsi (6-8)
700 MPa Sut = 1400 MPa
where S, 1s the minimum tensile strength. The prime mark on §] in this equation refers

to the rotating-beam specimen itself. We w15h tD reserve the unpnmed symbol S, for the
endurance limit of any particular machine e?lement subjected to any kind of loading.
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Endurance Limit Modifying 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 is 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

Environment: corrosion, temperature, stress state, relaxation times

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

Marin'? identified factors that quantified the effects of surface condition, size, loading,
temperature, and miscellaneous items. The question of whether to adjust the endurance
limit by subtractive corrections or multiplicative corrections was resolved by an exten-
sive statistical analysis of a 4340 (electric furnace, aircraft quality) steel, in which a
correlation coefficient of 0.85 was found for the multiplicative form and 0.40 for the
additive form. A Marin equation is therefore written as

Se = kakpkokakokyS, (6-18)
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Se = kakpk kakeokysS, (6-18)

where k, = surface condition modification factor

k, = size modification factor

k. = load modification factor

k; = temperature modification factor

k. = reliability factor'”

ks = miscellaneous-effects modification factor
S| = rotary-beam test specimen endurance limit

S = endurance limit at the critical location of a machine part in the geom-
etry and condition of use

When endurance tests of parts are not available, estimations are made by applying
Marin factors to the endurance limit.
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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 common 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

k,=aS? (6-19)

where 5, 15 the minimum tensile strength and a and b are to be found in Table 6-2.

Table 6-2 Surface Factor a Exponent
Parameters for Marin Finish S5ut, kpsi Sutr MPa b
Surface Modification Cround 1 34 1 58 _0.085
Factor, Eq. (6-19) Machined or colddrawn 2.70 451 —0.265
Hotrolled 14.4 57.7 —0.718
Astorged 30.9 272, —0.995

From C.J. Moll and C. Lipson, “Allownble Working Stresses,” Society for Experimental Stress Anafysis, vol. 3,
na. 2, 1946 p. 29. Reproduced by 0.). Horger (ed.) Mafal Engineering Design ASME Handbook, McGrow-Hill,

New York. Copyright © 1953 by The McGrow-Hill Companies, Inc. Reprinted by permission.
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Size Factor kp

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)~0107 = 087940107
L 0.914 0157
b fr—
f\df'}r.ﬁz}—ﬂ.lm’ — ]IEM—U.]UT
| 1.514-90157

For axial loading there 1s no size effect, so
kp =1

but see k..

0.11 =d <2 1n
2=<d=<10mn (6-20)
279 < d <51 mm
51 = d < 254 mm
(6-21)

One of the problems that arises in using Eq. (6—20) is what to do when a round bar
in bending is not rotating, or when a noncircular cross section is used. For example,
what is the size factor for a bar 6 mm thick and 40 mm wide? The approach to be used

Nihat YILDIRIM
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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

1 bending
k.= {085  axial (6-26)
0.59 torsion'’

'"Use this only for pure torsional fatigue loading. When torsion is combined with other stresses, such
as bending. k- = 1 and the combined loading is managed by using the effective von Mises stress as in
Sec. 5-5. Note: For pure torsion, the distortion energy predicts that (k. )orsion = 0.377.

Temperature Factor ky

When operating temperatures are below room temperature, brittle fracture is a strong
possibility and should be investigated first. When the operating temperatures are high-
er than room temperature, yielding should be investigated first because the yield
strength drops off so rapidly with temperature; see Fig. 2-9. Any stress will induce
creep in a material operating at high temperatures; so this factor must be considered too.

kg = 0.975 4 0.432(10~) T — 0.115(107°) T 7
+0.104(107%) T} — 0.595(10~ %) T} (6-27)

where 70 < Ty < 1000°F
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Table 6-5

Reliability, %

Transformation Variate z,

Reliability Factor k,

Reliability Factors k. 50 0 1.000
Corresponding fo 90 1.288 0.897
8 Percent Standard 05 1.645 0.868
Deviation of the 99 2.326 0.814
Endurance Limit 99.9 3.091 0.753
Q0 00 3.719 0.702
Q0.90Q 4.265 0.659
00 90000 4.753 0.620

Miscellaneous-Effects Factor ks

Though the factor & is 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 is compression, the endurance
limit is 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 character-
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. Nihat YILDIRIM
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Shaft Stresses

Bending, torsion, and axial stresses may be present in both midrange and alternating
components. For analysis, it is simple enough to combine the different types of
stresses into alternating and midrange von Mises stresses, as shown in Sec. 6-14,
p. 309. It is sometimes convenient to customize the equations specifically for shaft
applications. Axial loads are usually comparatively very small at critical locations
where bending and torsion dominate, so they will be left out of the following equa-
tions. The fluctuating stresses due to bending and torsion are given by

Mﬂ Mm -
0o = K; IC om = K; IF (7-1)
I,c T,c

Tﬂ = KfsT Tm — Kf&' [?_2}

J
where M,, and M, are the midrange and alternating bending moments, 7,, and T, are
the midrange and alternating torques, and Ky and Ky, are the fatigue stress concen-
tration factors for bending and torsion, respectively.

Assuming a solid shaft with round cross section, appropriate geometry terms can
be introduced for ¢, I, and J resulting in

2M 32M
o' = (o 43132 — K a — K n 7-3
a ( i a) 0g f j‘l’d3 Om f ]de [ }
2 16T, 167,
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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
B 5 412
32K M.\ 16K,.T.\?
'f: 2 ?2”2: # ¢ —
o = (o2 +312) ( — )+3( — )} (7-5)
- . 1/2
DKM, \> 16K T, \>
2y al241/2 Yol Mim fsim _
o, = (0 +312)"? = (—MB )+3( — )} (7-6)

Note that the stress concentration factors are sometimes considered optional for the
midrange components with ductile materials, because of the capacity of the ductile
material to yield locally at the discontinuity.

These equivalent alternating and midrange stresses can be evaluated using an
appropriate failure curve on the modified Goodman diagram (See Sec. 6-12, p. 295,
and Fig. 6-27). For example, the fatigue failure criteria for the modified Goodman
line as expressed previously in Eq. (6-46) 1s

1 o o

2 _% , %
n-5 s,

Substitution of ¢, and o,, from Egs. (7-5) and (7-6) results in

1 16 [ 1 5 12 | 5 71/2
— = —{ —[4K M) +3(K, T,)? — |4(KMy)" + 3(Ksy Ti)”
—=— Sf[(f )"+ 3(Kss To)” | —I'Sm[(f )"+ 3(Ky )]]

For design purposes, it is also desirable to solve the equation for the diameter.
This results in Nihat YILDIRIM 85
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