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below the perl~iissible limit by tlre presence of compressive residual 
stresses, Holy this can be achieved will be discussed in this chapter. 

9.3 Fatiguc Failures as Tension Failures 

The effect of tension on fatigue life can be shown and expressed in 
several ~vztys. Fi ure 2.14 shows data comparing 8-N curves for samples 
with stress raisers loaded by pulling and loaded by pushing. Those 
loaded in pl~shing withstood 40,000 psi for millions of cycles without 
damage. The life a t  this stress level in pulling ~vas only 10,000 cycles, 
and at half this stress in pulling, the life was still only 100,000 cycles. 
(No tensile elldurance limit was established.) The pulled specimens came 
apart w l m  they failed. At stresses above 40400 psi, the pushed speci- 
mens developed cracks near the stress raiser but dontinued to stay in one 
piece. Xn other words, pushing was almost harmless, while pulling 
quickly destroyed the piece. 

Most practical stress situations are more complex than the simple push 
and pull we have coilsidered so far. Endurance under complex eombina- 
tions of stresses is analyzed in Fi . 7.11, There it is shown how the 
alternating-stress endurance limit n be increased up to 50 per cent by 
superimpasin a comprc;ssive stress and how the permissible ra 
decreased by tensile stresx. In practice, this means that fatigue f 
may be avoided if tensile sttresses are decreased, which is borne out by the 

results of tests on the effect of sur- 
face compression. Some of these 
data will be discussed under the 
headings of the various techniques. 

9.4 A n  Example 

Since fatigue is both a surface 
effect m d  a tension effect, all tech- 
niques of surface stressing to  reduce 
fi~tigue aim at producing an armor 
of compressed material (i.e., material 

e air-hsnzmcr pecning of 
large gears. Yailurcs averted Iry hntr-rlncr t~hich "wants to expand") on 
peening in pln(*c; *ni~lc-l\~,ist p--:trs 1 2 ft critical surfaces. Figure 9.1 S ~ O T V S  

diamctor by 30 in. wide. (('otrrbasg (;S rather spectacular example of the 
J. 0. Alrtten.) application of such a technique in a 
mf-lnrlsr ~vltxich nzay sccrn yrirkzitive but which was hi hly successful. 

The large gcnr visible in the figure is used to hoist nickel ore out of a 
mine. Teeth began to crack early in World War 11, when nickel was 
essential axid rcplaccrncxlt gonrs were unobtainable. To prevent the 
imminent complcte breiikdoj~n, J. 0. Almen advised the operators to 
~ u t  out or rclicvr thc t:rar:lccd pt\lrt,s of the teeth and to hammer peen the 
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root fillets durin the brief periods of rest of the hoist, be 
cracked teeth d continuing until all roots had been peened. As a 
result of this prophylactic massage, the gear ~ontinued to operate a11 

h the war. Peerling had produced the compressed armor in the 
critical areas, and fatigue was prevented. 

9.6 Classification of Techniques 

Peening is only one of many techniques of compressive stressing of 
surfaces. To arran e these techniques in some order we can classify them 
as follows : 

A. Cold local yieldin 
1 

b. Shot peening 

under stress 
2. Thermal contraction 

ing (damaging tensile stress) 

tensile stress) 
C. Trcmsformatio~~ , 

1. Quench hardening 
2. Carburizin 

Often several of these 
and shot peei~in 

SURFACE STRESSING BY COLD 
LOCAL YIELDING: 

9.6 Overstressin 

Automobile suspension springs and many other springs are commonly 
overstressed before they are put in service. The operation is known as 
presetting, scragging, or bulldozing (Fig. 9.2). When the bulldozing load 
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the pu 
.2 Automotive leaf spring uade 
rpose of inducin residual stress 

sr'ress stress Under load 
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is applied, the hi hly stressed surface layers yield. When the bulldoeillg 
load is rexnoved, lastic recovery brings the spring part of the way back 
toward its original shape. In the new free shape those surfaces which 
yielded in tension now are stressed in compression, and surfaces which 
yielded in compression now are 
stressed in tension. Core stresses 
are opposed to  the adjacent surface 5 
stresses. TVhen. loads are again 2 
applied, the residual stresses oppose 
the load stresses in the hi 

ions; they add to the 
..a 

load stresses in the r ons of low 
V) 

stress. Analyses of se effects 
Gi 

were given by ptonfl and by 
Timoshenko ;" F s. 9.3 and 9.4 
illustrate the analyses. The same 
principle is applied in the manu- Fig. 9.4 Itesidud stress produced by 
facture torsion-bar springs. A bending beyond yield, derived from load- 

deflection curve for rectangular prism. comparison of residual torsional 
stresses measured after fatigue cycles with residual stresses derived by 

I shown in F 5 An ~lder 
application of the same principle ifi used in the manufacture of gun tubes, 
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of railroad wlzeels and in overspeeding turbine disks before putting them 
in service. 

The use of overstressing is limited by the ductility of the highly stressed 
ion. Ductile yielding results from a differeilcc between the principal 

stresses, e.g., high tension along one axis and low tension or compression 
normal to tfrst axis; fracture results from excessive tensile stress. 

In applying overstressing to coun- 
teract stress concentrations in sharp 

rooves, one must keep in mind that 
near the bottom of the groove the 
material may be subject to tension 
along all three principal axes and 
therefore may have no ductility. In 
applying overstressing to springs, one 

-- observes that much higher overloads 
can be used in torsion than in tension. 
The different ratio of maximum shear 
stress to maximum tension stress 
explains this difference, In hardened 

(a) Distribution of stresses in a gun barrel from 
tow internal pressure torsion bars it  was necessary to shot- 

peen bef ore overstressing ; the result- 
*- ing compressive stress decreased ten- 

sion and thereby increa 

avoid fatigue, its chief purpose usually 
(b) During overstressing ftsr autofrettagel is to increase the ability $0 carry loads 

in one direction, The science of limit 
design is concerned with this usesx2 

In limit, design, the unequal distri- 

(c) After autofrattage, shewing residual stresses 
bution of elastic load stresses is equal- 
ized by yieldi~zg the part w structure, 
so that under load the stress is evellly 
distributed m d  tvithollt load the parts 
are under residual stress: negative on 
the sections with high stress range and 

[dl During firing after autofrettagcr positive on the sections with low stress 
Fig. 9.6 Approxilrlatc stress history range. 
of the autolrettage process.2" The beneficial results of over- 

apply only to loads lvhich are much higher in one direction than 
in the opposite direction, such as cerrtrifugal loads and spring loads. In 
reversed landing, the effect is lost. This must be kept in mind when 
setting up tests; the results of reversed-load fatigue tests will not apply 
Lo ser~rice where the load is mainly in one direction. 
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and Gold Forming 

The residual stresses set up by straightening or by cold forming have 
the same distribution over th cross section as those set up by over- 

and they may have similar 
1 egects i f  the forming load 

is applied in the same direction as 
the service load. Uirfortunately, 
the direction of forncl3n loads is usu- 
ally not related to service loads, and 
severe damage to fatigue life may 
result from formi loads. Helical 

lock springs are 
ples of this relation : 

they should be loaded in service in 
the same direction as the tvinding load, i.e., in the direction which tightens 

9.7). The effects of straightening automotive rear &xles 
ated by Hor er and Lipson." They found that cold 
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produced by shot l~ee~liirg (Fig. 9.8). The techiiique has been used since 
1935.46 The EIorgcl* and Lipson iilvestigatioii very graphiczllly denmr- 
strates the ovcrwllel~nii~g ilx~l)ol.tancc of surface stresses i11 fatigue and the 
great econonxic iinpar2;:~rlce of rcsidual stresses. Similar results oil crank- 

shafts were obtained by S c h n ~ i d t . ~ ~  
Any cold-forming operation crc- 

ates residual stresses. The ones 
trapped by bending a rectangular 
bar without stress concentratio11 
may be up to 50 per cent of the yield 
strength, as shown by analysis of 
the equilibrium. Strain hardening 
will illcrease the trapped stress to 
somewhere between 50 per cent of 
the original yield strength and 50 
per cent of the final strain-hardened 
yield strength. 

9.8 Peening 

The crankshafts investigated by 
Schmidt4+were straightened either 
by bending or by hammer peening, 
with the peen-straightened shaf ts  

carrying at least 20 per cent more bellding moment without fatigue failure. 
Results of hammer peelling on a large gear were mentioned in Sec. 9.4. 

ure 9.9 shows the setup used for hammer peenirig the drive shafts of 

Fig. 9.10 Views of hammer-peened shaft. 
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Fig. 9.10. Were hammer peening is used to overcome the stress con- 
centration and the unfavorable residual stress created by plug-welding a 
sleeve to a cold-finished shaft. 

with rotary hammers is also used, particularly to overcome the 
eRect of small transverse holes. The hammers are actuated 

by a rapidly rotating eccentric wei ht, as indicated in Fi 

9.11 Standard eumatic portable grinder converted to a peening tool by 
unbalance on the shaft, (Research Laboratories Division, 

General Motors Corporation, Ref, 4.) 

9.9 Mechanism af Peenin 
Peeniw produces a crack-resistant layer of compressively stressed 

material by forming indentations or dimples which overlap and eventually 
cover the surface. In formin a dimple, the peening tool squeezes the 
material plastically depthwise d stretches it  alon the surface, radially 
away from the tool. When the tool is removed, he material expands 
narmal to the surface; the elastic core produces contraction along the 
surface, The contraction will now squeeze the stretched surface of the 
dimple, produein a compressive residual stress; the expansion normal to 
the s~xrface cannot produce a residual stress because there can be no 
stressos normal Lo a free mrfnce. (%Then the tool was applied, the 
surface was not free and stresses could exist.) 

In a very thin sheet the eumpressed layer under a single dimple could 
conmivubly extend all the way throlxgh the m&erial, held in equilibrium 
by a stretched rin around the dimple. With continued peening, the 
entire she@$ tvould retch, leavin very little residual stress. In thicker 
material, tensial~ below the surfa balances the residual compression in 
the surface. The compressed surface layer has a, higher tolerance for 

stresses (as shown in Chap. 7) and prevents cracks from 
en when they have been started by surface corrosion, by 

msterial, or by fatigue of a shallow decarburiaed skin.40 
~ Q I V S  the distribution of residual stresses in a hammer- 

peened specimen anilealed 1030 steel, 1 in. square* The maximum 
residual stress is ,000 psi, about + in, below the surface. The com- 
pressive stress changes to tensile about in. below the surface. 

Usudly, when the peenin tool is a ball or has a spherical radius, the 
pth of the compressed la r is about the same as the diameter of the 

les, and the hi hest; compressive stress in this layer is about hdf the 
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yield strength. This depth will be found if the material is homogeneous 
and the peening tool considerably harder than the peened material. The 
stress will be found to be half the yield streiigth if there is little or no 

eni~ig. In the example of Fig. 9.12 the depth of $i~ in. is about 
equal to the diameter of the dimples. The stress of 42,000 psi is about 
80 per cent of the ori ind yield strength of the ailnealed 1030 specimen; 
the yield stren been increased by the severe deformation. 

Tension Stress x 1,000 Compression . 9.12 The residual stressea inttuced in SAE 1030 anxrealed-steel specimen hy 
hammer peerring; also restilting stresses acting at the start of fatigue test.'O 

Shot peening is accoirlplished by small round shot impinging on the 
surface with hi h velocity. This is the most versatile of surface-stress- 
ing Lechniques, applicable Lo all metals and to all shapes excepting only 
the insides of closed vessels, which carxriot be reached by the shot. 

Siaes of shot range from about 0.007 to about 0.175 in. diameter, with 
es more dificult to haildle than the intermediate sizes. Large 

shot siees are used to produce deep layers of compressive stress; small shot 
sizes are used to reach into small radii. Shot velocities are of the order 
of 100 to 200 ftlsec, The depth of the resultir-ig compressed layer icl; 
bettveen a few thousalldths and a few hundreths of an inch, dependixig on 
shot size and veloci in this layer the maximum stress occurs slightly 
below the surf ace, ure 9.13 shows typical residual stresses xneasured 
in shot-peeried samples of aulornobile leaf-spring stock of hardiiess 
Rockwell C-48. The magnitude of the maximum compressive stress is 
about half the strain-hardelxed yield strength. If the part is exteri~ally 
loaded while being peened, the residual compressive stress will be higher. 
For instiance, on leaf-spring specimens of hardi~ess Rockwell C-47 to C-50, 
maximum residual compressive stresses of specimei~s peened free were 
from 90,000 t o  120,000 psi. Mrhen peened under an applied strain of 0.54 

e maxin~um residual stresses were 134,000 to 147,000 psi. 
compares residual stresses induced in various materials. 
e-life improvement, and endurance-limit increases which 
ot peenhg may reach very high fi ures. The results on 

where the endurance limit was raised from 13,000 to over 
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psi were quoted above in colllrectioli with straightening. On coil 
, the safe stress ratrge may in some c:tl~e~ be illcreased from 75,000 
,000 psi." These are high figures selected from the extensive 

literature, The actual permissible iucreast: of load or the expected 
extension of life depends, af coume, on the application. There is evidence 
that the residual peelling stress may be subtracted from the load stress, 
provided the total maxiinum "net" stress does xlot exceed the dynamic 
repeated-lo& th a t  either end of the load cycle. 

The ecorlomic importance of shot peerliilg results not ody  from the 
illcrease in pernlissible load, but also from the reduction in processill 
cost bcclruse it eliminates the need for costly fine finishing. A poor 
sudace after shot peelling is superior in fatigue life to an expensive high- 
grade surface without shot peening. Forged and shot-peened connecting 
rods are superior to polished connecting rods, us shown in Fig. 9.15. 
Severe grinding followed by peening is superior to the more expensive 
entle grilldiwx , as shown in Fig. 9.16, pro~rided, of course, that the 
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( a )  Leaf spring 

0 0.Q10 0.020 
Depth below surface, in. 
( 6 )  Carburized geor ( c )  Aluminum alloy 7075-76 

Not 
peened 

Stress cycles 
Fatigue dura,bility of polished tTs, rotxgh-finish and shot,-peened forked 

120,000 

1 00, 000 
.- 
V, 
a 

rn U? 80,000 
F 
S; 

60,000 

40,000 
10,OQO 100,000 1 Million 10 Million 100 Million 

Cycles to failure 

Fig. 9.16 The effect of grillding and peening on reverse-bending fatigue strengths of 
fiat steel bars, Rockweif hardness C45.42 
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grinding was not so severe that the surface actually cracked. Shellow 
decarburized layers which otherwise would cut fatigue life short can be 
t,olerated if the surface has been 

9.11 Shot-peening 
The shot used in p r o m  either by air pressure or by all 

impeller wheel. Figures 9.17 and 9.18 show examples of the two types 
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of equipment. The ~vhctcl method is gei1eral1-y used for large production 
applieatians, where it is ntore ecoi~ornict~l than the air method. The air 
method is mare flexible t ~ ~ l d ,  t,flcrcforc, 13refcrrcct wbcrc different, kinds of 
parts are peelzed in om ~n:u:hille, A w h ~ d  will throw about 100 to 500 lb 
of shot per minute; singll: :lir nazde will throw  bout one-tenth as much 
but can concentrnt,~? it 011 :I sln:dlcr arm. 111   no st, applications, the 
work is moved under thc s l~ot~ strenm hy slxitath :l~rtoin:ttiu devices such 
as conveyors, rot;tLt,illg fist,urus, turr~tai)les with or without planet tables, 
rollers, or carriages. Sltri~ll parts rnxy bc, peeixxt it1 a barrel where they 

Fig, 

areas such as oil holes, fine threi~ds, or jourtml surfaces from the shot 
stream. These areas are rnaskcd off by zt rusilielit mnterisl such as 
rubber cups or tape. 

thrown a t  the work, the shot falls inta :L hopper and is 
returned by elevators for further t,l1rowirlg, 

9.22 Shot-pecniug Control 

In view of the C I : O I I O X ~ ~ C  i l l l l j ) O i ' ~ : ~ l ~ ( : ~  :111d r~ l :~ t i i .~11~ '  ~'wt?nt dc~~elopmerrl 
of shot peelking, a few wtmh :~b~ t l t ,  sj)ef:ifici~tit)tl~ 1n;hy bc in order. We 
are interested in ab tu i r~ i~~g  u coi~i~~ressed winor 0x1 the peelled surfaces. 
The completel~css of the ur~nar can ofte~i be cllecked visually by making 
sure that the surfut:~ is well covered by slmt i~npressiol~s. However, . 
peening works evelr when the shot is no harder t'harl the s~lrface to he 
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9.13 Surface Rolling 

In certaixl cases surf;ace rolling can be the most practical technique of 
compressive stresses in a surface. This will be true when the 

parts can be surface-rolled in coiinection with some other necessary 
production process, or where very small regular radii must be reached, as 
in small screw threads, or where s very deep eornpressive layer is desired, 

in. dio roller; 5th contour rod 

so that m//ers moy be 
movcsrd Iongitudino/& 
o/onq wonk pin. 
RaI/tng device musf 
be free to 'ofloot 
tponnsverse& on cronk 
pin [n order to @quo/ize 
prf;ssum on o// the@ 
rol/&+r ns. carriogt?. These uprights m o q  uide, ond sup;oorf ? reor s de of rollng device. 

US@ vohe oil between r o l / m  ond 
cronk pin during rolling procc)ss. 
Lothe speed = 1?7r;om, 
Fe@d in, per rev. 

ram of fixture for stress rolling locomotive crank pins.6 

as in railroad axles. Much work has bee11 done6 on surface rolliilg of 
railivuy axles and crtlllkpi~ls. Figure 9.20 shows a typical setup. Radii 
of rollers range from to 1+ in., with roller pressu 8 UP to 10 tons. The 
depth of the compressed luyer can be around ino lxolfixkg can be 
specified in terms of fictitious IIertz stresses, i.e., tfxms of the contact 
stresses which would be obtained if the material were elastic without 

ctitious Hertz stresses are of the order of 200,000 to 
mainly on the hardness of the workpiece (Fig. 

9.21). 
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A particularly interestin fatigue-test result is summarized ill Fi 
Here the depth of fatigue cracks in the press-fitted "root" of the crank- 
pin, measured after 84 millioll cycles, is plotted over the applied bending 
stress. It can be seen that measurable cracks appear a t  stresses as low 
as 5,000 psi and that pins without surface rolling are broken st 11,000 

0 

Hardness, R, 

Fig. 9.21 hl l ing  pressure for fillets. (Courtesy qf 3. 0. Almen.) 

*g 30 

8a 
2 C .. 
f 1, C 
U) 

CP 8 
C *- 

6 
2 
c 4 .- 
Q 

S 
C 

2 
I$ 

Moximum depth af fatigue crock, in inches, ot wheel fit of crank pin ofter an 
equivalent 300,000 miles (84.3 million rev.) of testing 

9.22 Surface campression clelnys the growth of ~ r u c - k s . ~  

psi. For crankpins similar in d l  respects except that they were surfaoe- 
rolled, the cracks are only about one-tenth as deep for the same stress, und 
twice the "unrolled" limit of 11,000 psi is supported without breskir~g 
the pins. These crank in. in dianleter. For the interestillg 
details see Ref. 6, 

At the other d of the scale we find the roots of threads being rolled 
with rollers of in. diameter, 5 mils (0.005 in.) tip radius, and 40 1b 
load. This treatment chased the failure from the thread root up into the 
fillet under the bolt head until this fillet was also rolled and failures were 
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elimiiiated. A pateiited roller for fillets is shown in Fig. 9.23. The 
special shape of the roller is desigiled to cover the entire area of the fillet 

, 9.23 Special roller for stressing 
fllets, schematic. 

by increments without having to trav- 
erse the roller in an arc. 

9.14 Coining 

A protective armor of compressed 
material around a stress raiser such as 
a hole can be produced by coining the 
edge of the hole, i.e., by deforming 
the edge cold by pressing a cone into 
the hole, This was done, for instance, 
on clutch ~prings schematically shorn 
in Fig. 9.24 to overcome the stress 
concentration a t  the holes between the 
fingers. Another method consisted of 
cold pressing round grooves into a 
shaft an both sides of a transverse 
hole. An increase in endurance limit 
from 15,000 to 20,000 psi has been 

obtai~zed by this method an 7 in.-diameter shafts of lot% 
0.172-ill,-diameter reamed oil holes (X30rger1). 

steel, with 

1 . 9.24 Coining holes in Belleville-type spring to produce favorable residual 
stresses and thus prevent fatigue. 
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9.15 Surface Stressin in Finishing Operations 

Surface stresses produced in cold fornling were nlentioned in See. 9.7, 
stresses will be discussed in colznection with thermal con- 

traction in Sec. 9.17, 
In connection with peeizin rolling, and coining, we are reminded of 

the various finishi r.ls which produce incidental stresses by 
similar cold def or the surf ace. Barrel fiizishing in tumbling 
barrels, where a load of parts is revolved together with stars, balls, or 
similar objects, will do some peening. Burnishing will compress surfaces 
in a manner similar t sudace rolling. These effects are not as consistent 
or as deep as the e ects of intetlt)ioxzal surfwe stressing, but they will 
influence fatigue durability and should be corlsidered in comparil~g parts 
produced by different shop proeediires. 

SURFACE S T R E S S I N G  BY HOT 

LOCAL VIELUPNG 

9.16 Heat Softening 

In the cold-worki~~g techniques which were reviewed, the trick is to 
impose tensile strtlixis which on the surface of the part exceed the yield 
strain, but in the interior remain below the elastic limit. Elastic recovery 
of the interior will then produce the desired residual compressive surface 
stresses* 

In a variation of this technique, s steel shaft of 40,000 psi yield strength 
ht be stretched 0.12 per cent, correspol~ding to s tension of 38,000 psi. 

While thus stretched, its skin would he hent;ed (by i~lducttion or flame) to 
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The skirr would yield, If the piece were held in tension until cold and 
then released, the entire shaft would contract slightly less than 0.12 per 

a tensile stress of, say, 1,000 psi in the core and a compressive 
0 psi in the skin. This process is not practical for steel, but 

the tempering of rubber-tire treads is being carried out in such a manner 
heat while the roots of the grooves are stretched (Fig. 9.25). 

9.17 Thermal Coatractiaa. 

Instead of imposing it mechanically, strain can be produced by non- 
uniform thermal expansion and contraction. If such a strain is combined 

TWO STRIPS OF STEEL. 

(01 Both cold (6) Heated strip ( c 1 Strip returns to original 
exponds shope when cooled 

ONE STRIP OF STEEL 

(dl Cold ( e  f One side heated I f  1 Cooled, upset 
and upset srde shrinks 

9.26 What cools laat is in tension, unless there i s  a transformation with an 
expansion. 

with local variations in yield strength, tvhich are produced by temporary 
residual stresses can be set up (see Fig. 8.2). 

This process can work far or against the designer. 
As materials usually contract and increase their yidd strength in 

quench hardening is a notable exception), the pwt 
vrrhich oools first will upset the warm and yielding remainder and will in 
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turn be compressed elastically when the remainder cools and contracts. 
Conversely, the part which cools last will have been upset but will be 
prevented from further contraction by the stiff cold material near it. It 
will, therefore, be in tension. Figure 9.26 is a schematic illustration of 
this principle. As early as 1845, the residual stress from nonuiiiform 

was u ~ e d  to produce compression on the inside of gun bores by 
them hollow and cooliiig from the illside, according to the Rodman 

s is an application of this technique. Tbe surface of hot 
glass sheets is cooled by air jets. The surface cools first and will there- 
fore have compressive residual stresses. Since glass is inherently strong, 
but has (like most materials) a surface vulnerable to tensile stresses; the 
strength level of the ass is raised by the full amount of the trapped 
compressive stress Lo era1 times the strength of the untreated glass. 

The principle that what cools last is in telzsion explains many failures 
of machine parts : ame-cut surf aces are in tension and theref ore weak ; 
note, however, L Aame-hardened surfaces are in compression, as 
explained in the next s ction. Grindin cracks are the result of high 
tensile cooling stresses. Wefakness of g und surfaces in fatigue results 
from these same tensile stresses. As soon as the tensile residual stresses 
are overcome by the compressive residuals of peening, the weakness 

ermal stresses in welding has long been recogniaed, 
and techniques for their cont,rol by proper arra, ment of the welds and 
proper sequerrces of tvelding operations have b worked out. 

SURFACE STR SSIING BY TRANSFORMATIONS 

9.18 Quenc -hardened Steel 
The usual contraction of metals duri is reversed in the quench 

hardening of steel. The hard kind of ensite, which is produced 
in quenchirtg, takes up nnore space than the steel from which it is formed. 
The expansion takes place on cooling, a t  temperatures from 700°F and 
below, where the steel already has s high yield strength. The amount of 
linear expansion is of %he order of 0.5 per cent, depending on composition 
and completeness of transformation. As a biaxial strain of 0.5 per cent 
correspoilds to aSbiaxial sttress of 200,000 psi (if the yield strength does 
not limit it  to a lower value), i t  will be readily understood that in quelrched 
steel we find hi h residual stresses. 

Quench crac are a sLriking iildication of such stresses. They occur 
most readily at poiilts of section chan e when the core transforms after 
the skin has already hardened. In quench-hardened steel, the rule that 
what, cools last is in tenzsion does not hold; what cools last may well be 
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what last traxlsforms to martensite and may, therefore, be in compressiorr. 
In tubes querxched from inside, the outside skin (which transforms last) 
will be in compression. Tempering at  high temperatures will relieve the 

h residual stresses; it is the traditional method of acllieving fatigue 
resistance. More recent methods make use of the residual stresses to 
obtain compression ox1 the critical surfaces and a fatigue resistance far 
above the standard of a '"tress-free" specimen. 

9.19 Shallow Quenching 

A shaft of 2 in. dia~neter made of plain carbon steel (1046) will harden 
to Rockwell C-60 on the surface if quenched severely. Toward the 

skin-mainly because of the expansion in hardening-and tension in the 
core, a very desirable distribution. Such shafts have been extensively 
used for severe service such as automotive rear axles and tank torsio~t 
bars* The correct application of residual transformation stresses has 

on steel where more c 
%I\ 

test results for axle shafts of deep-hardening alloy steel and of shallow- 
carbon steel. 

haltow EIeating 

Transformation of the skin to martensite, with the core remainin 
soft, and tho resultin benefits of compressive residual stresses in the 
surface can be obtained by rapid heating of the surface immediately 
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thtance from center of crank pin, in. 
9.29 Burface compression and subsurface tension produced by inducLion 

fo  1 Sketch of cylindrical specimen showing 
shorp shoulder stress roisers o t  G and D 

[tr) Etched section of specimen fractured 
ot E, shoulders C ond 0 protected 

i 2 3 4 by residuol compressive stress 
Rod oreo, sq in. from flame hardening 

Fig. 9.30 Residual stresses in rods Fig. 9.31 Surface compression by 
surface-hardened hy three rnetl~ods,~~ shallow hardening.44 
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followed hy quenching, so that the core has no time to get hot enough to 
transform before the surface is already quenched. This requires high 
heat flow into t,he surface; it is achieved in production by either induction 
hardening or flame h a r d e n i ~ ~ g . ~ ~ * ~ ~  

In considering the residual stresses produced by these shallo~v-heating 
methods, it must be kept in .mind that only the expansion on trans- 

Depth below surface, in, 

, 9.3% Residual ~t~resses in surface- 
hardened ~tee1.14 

formation c m  produce compression. 
The contraction on cooling without 
transformation produces tension, 
just as flame cutting does. Some- 
where between the hardened skin 
and the cool core there may be a 
layer which was heated enough to 
upset it but not enough to trans- 
form it, and this layer will be in 
tiension. Figures 9.29 and 9.30 
show residual stresses measured 
in induction-hardened parts. The 

tensile layer berieeth the skin is evident in both. Figure 9.30 also shows 
residual stresses measured in a flame-hardened part similar to the induc- 
tiom-hardened rods of th same figure. A strikin emonstration of fatigue 
improvement by ame hardening was given by H. Zimmerman,44 who 
prepared specimens with intentional stress raisers (Fig. 9.31) and tested 
them for endurance after various treatments, The results are listed in 
Table 9.1, The most graphic demonstration of the efiect of residual 

Table 9.1 

Series Treat rnent 

A None 
B Oil-quenclxed and tenipered 
C Fillets only flame-hardened 
Il Flame-hardened all over 

Endurance limit 
in terms of 

nominal stress, psi 

18,000 
28,000 
32,000 
52,000 

Fillet 
Fillet 
Body 
Fillet 

compressive stress is given by the tests in series C, where the failures 
occurred in the smooth body of the bar, and not in the very sharp fillets 

oduce high compressive stresses in the 
hardelled surf'ace, The core cannot harden because it lacks the hardening 
elements which are diffused into the surface in the carburizing or mitridi~rg 
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process. In  quenching a csrburized part, the surface will be com- 
pressively stressed by the two effects of expansion in trinsforming to 
martensite and by contraction of the core, which cools last and is there- 
fore in tension. Measured residuals in the cases of ar teeth are shown 

2. The residual cornpressioii in the nitri d surface is partic- . These stresses contribute to the fatigue durability of such 
parts aver and above the efiects of hardness or high tensile strength. 

It is well knosvn that high tensile strength alone is accompanied by 
notch-sensitivity and that the fatigue durability of machine parts may be 

reduced by excessive hardness uidess the hardness is accompanied by 
compressive stirface stresses, Carburiaiitg and nitriditkg are two of the 
processes by which a caxnbirnation of hi h hardness and colxpressive 
residual stresses is achieved on the skin o arts. The combination of a 
"hard skin on a, tou h core" by itself is not suficiei~t to explain the 
success of thes processes. What good would the Lou h core of a 
tooth be after the skin had cracked? The combination of a hard skin 
with a core which is in tension and thereby compresses the skin is the 
key to the fati ue durability of gear teeth and similar parts, as has been 
shown by J. O 

9.22 PXsltirn 

Surface residual stresses crested in plating have the same impartant 
e life as t,hose created by other means. Without dis- 
hanism by which Lbese stresses are set up, this section 

will merely list some typical effects and show how the damage of plating 
an be overcome. 
posited nickel as an example, Fi s, 9.33 and 9.34 tell what 

can happen: Plating s$eel, whioh had an endurance limit of 32,000 psi, 
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with nickel, which had an endurance limit of 34,000 psi, produced a com- 
posite nickel-plated steel of 20,000 psi. Residual stresses in the plated 
nickel may ran e from 70,000 psi t?ension to almost 10,000 psi compression, 
dependiirg on tho process. The data plotted in Fig. 0.34 show the effects 
of two nickel-plstix~g procedures on the fatigue durability of steel with 
45,000 psi endurance limit (polished). One procedure developed a tensile 
residual strcsx of 25,000 psi in the coating and decreased the endurance 

I 00,000 1 ,000,000 10,000,000 100,000,000 
Sfress cycler, rotating beam . 9.34 Fatigue of nickel-plated steel; strength is greatly affected by the state of 

stress in the electrodeposited xne%al," 

Fig. 9.35 Comparison of fatigue strengths of uncoated, nickel-plated, and nickel- 
plated and peened steel rotatin -beam specimex~s. 17 

limit from 45,000 to  29,000 psi. The other procedure developed com- 
pressive residual stresses of ti,000 psi in the cottti~qg tmd ir~crossed the 
endurance slightly. 

iirg fatigue damage by pla 

plating to produce compressive residu 
plate, with the result that the fati ue durability, which would have been 
ruined by platin (from 47,000 to 20,000 psi), was restored by shot 
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Chrome plating is more widely used than nickel plating for highly 
stressed parts. It is common practice to specify shot peening before 
chrome plating whew fatigue durability is a factor. Figure 9.36 indicates 
the reasons: chrome plating lost 20 per cent of the endurance value of 
polished specimens, while shot peening plus chrome plating increased the 
endurance limit tly above that of the polished specimens. 

It is interesti note that the endurance limit of peened and plated 
specimens was practically the same as that of unplated peened specimens. 
The compressed armor of the peened specimens must have stopped the 
cracks in the plate from further penetration into the base metal. 

illion 
Cycles to failure 

9.36 Rotating-baarn fs gue-test results showing the effect of chromium plating 
and without shot peenix 

FEATURES COMMON TO T H E  TECHNIQUES 

9.23 Dependence of Techniques on Local Differences 

All surface-stressing techniques depend on local di$erenccs between one 
art and another, Compressive stresses in the surface are 
ensile stresses in the core. Only diaerent histories of the 

diEferen"c, regions can produce the residual stresses, To produce favorable 
residual stresse , we deliberately create rroxkuniform temperature dis- 
tribution, as in rf ace-quenched safety lass ; or nonuniform composition, 
as in nitrided steel rts ; or iionuilif or yielding, as in the autofrettage 
of guns or in peoui 

4 Dependem of Techniques on Residual Stresses 

All surf ace-stressing techniques depend on residual stresses, Le., on 
stresses which remain after the exterizal load has been removed. Other 
n m e s  for these stresses are trapped stresses, locked-in stresses, tessellated 
stresses, internal stresses, initial stresses, or prestresses. Such residual 
stresses have long been well known to crllftsmen who can straighten or 
bend metal by peenirr or who have seen pieces crack in auenching. 
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They used to be feared or neglected by most engineers, who had beell 
taught to think of stress in terms of applied load divided by area or 
section modulus. As far as fati ue is concerned, there is no difference 
between residual stresses and load stresses. What counts is the sum 
total of the stresses, regardless of their origin. To be convinced of this 

e need only remember that a particle of metal has no way of 
whether a stress is a residual or load stress; all it knows is that 
ed, pulled, or distorted by neighboring particles. The main 

differelrce betrveen load stresses and residual stresses is perhaps the 
culty with which the latter are measured and visualized, and our 

inability to compute them simply in advance. 

9 7  Hacksaw with the blade in tension. 

The blade of a hacksaw (Fig. 9.37) is stretched in mounting. Whether 
nsion s"crc;as should be called residual because it does not 

depend on loads external to the saw or should be called a load stress 
(because it is caused by turnin the thumbscrew) may be debatable. 
It does not matter. The impo ant fact is that the atress exists; its 
origin has no influence on its results. The same is true of all residual 
stresses. They must be col~sidered together with the load stresses. 

9.25 Dependence of Techniques an Yielding 

Most surface-stressin techlriques depclld on yieldii~g or plastic defor- 
mation of the materi . In 0verlo:lding or in peelzing, the surface 
material is stretched beyond its tensile yield; when the stretching force is 
removed, the elastic core pulls the part buck toward its original shape 
(elastic recovery or spriizg-back). The pull of the neighborirzg regions 

ompressioxr in the plastically deformed surface layer. In 
(without martelksite transfornation), the skin coals and eon- 
the hot core is atill plastic; the core yields; and later the core 

contracts and impases compression on the solidified skin. 
about yielding or plastic deformations, the engineer must 

overcome s certain reluctance which is based on good reasons: the theory 
of elasticity is hundreds of years old, an imposing body of exact theory 
has been accumulated, the maill results are available in clear elementary 
form in the texts on strength of materials, these texts are used in our 

8chools, and the student develops familiarity with the idea8 
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of elasticity and confidence in their validity. The theory of plasticity is 
only EL few dozen years old, and its main results have not yet been incor- 
porated in our texts and handbooks in a simple form which mould compare 
to the theory in the same way as "strength of materials'' compares to 
"theory of elasticity," 1x1 the absei~ce of simple accepted approxima- 
tions, some mental pioneering is required of the engineer who wants to 
think about the effects of local plastic deformation. A most useful rough 
approach is to think in terms of strains rather than of stresses. The 
strains can be converted to stresses by using an approximate stress-strain 
curve, 

9.26 Permanence of Residual Stresses 

Whether residual surface stresses remain in a part Cfuril~g service has 
been a question; a theory and test data are given in Chap. 8. Briefly 

summarized, one unn say that residual stresses do remain as long as the 
total stress, the sum of load stress and residual stress, does not exceed the 

th. If the yield strength is exoeeded, the residual stresses 
will foe redistributed. 

this limitation, one must keep in mind that the yield 
epeuted loads is below the static value. Temperature 

increase will also reduce the yield strength. Experiments on preset 
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torsion bars shotved that the residual stresses did not fade out in service 
ife tests, but were reduced by hammer blows and violent 

9.27 Note on Testing 

So-called accelerat,ed testing can be very misleading for parts strength- 
ened by residual stresses. Figure 9.39 shows test results on generator 
shafts: a t  one load, the peened shafts were far superior to unpeened shafts. 

htly higher load, the improvement disappeared. The higher 
load no doubt had dispersed or driven out the residual stresses by yielding. 

this effect, it is very important to conduct fatigue tests of 

0 2,000,000 4,000,OOQ 6PO0,OOO 8,000,000 
Life cycles, reversed torsion 

9.39 Comparative tests at stresses exceeding the service stress may be very 
misleading. SAE 6150 ;steel at, hardness Rockwell C-34 to C-38.88 

complete parts a t  stress levels equal to the service stresses without trying 
for quick test results by using higher stresses, The difference between 
reversed stresses and fluctuating stresses must be carefully observed and 
reproduced in tests, The beneficial e ect of peening on leaf spri 
instance, is well known; but in a reve d-bending test it would n 
as well because the coznpressive residrxal stresses on the %ension side 

duced by yieldin if the tension side were subjected to com- 
pression in the reversed test cycle, 

9.28 Other evlefits of Surface Compression 

Besides irnprovirkg elzdurance, surface compression provides a number 
of other benefits. The compressively stressed surface layer prevents 
cracks from forznin , delays the rowth of cracks, or stops the growth of 
cracks, When the cracks result from fatigue, the result is a higher 
endurance limit or Xon er life, as shown by examples in the preceding 
sectiar.ts, 

Cracks may also be caused by stress corrosion or by cavitation. These 
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are also prevented or delayed by the action of compressive residual 
stresses in the surface.a6 In a similar way, the presence of surface com- 
pression prevents the fati ue damage which accompanies frettage corro- 
sion. Frettuge corrosion occurs where highly loaded contacting surfaces 
(at the edge of a press fit, for instance) are subject to small motions such 
as may result from the elastic deforrna"cons of the mating parts; in steels 
s brown powder forms on the surfaces and is soon followed by fatigue 
cracks unless they are prevented by surface compression. 

Compressive residual stresses work in an entirely different but equally 
important way in increasin ductility and thus indirectly increasing 
endurance by permitting the use 

rials. It is well 
known that steels of very high 
tensile strength can be produced 
but that their use is limited by 
their " brittleness " and notch-sen- 
sitivity, Without surface corn- 
pression the endura~~ce of sprin 
made of hot-rolled steel is highest 
ah hardness levels around Rock- 
well C-45. The examples in the 

sections showed only 
nce improvement with- 

s, but a much reater improvement of endurance, 
resistance to static loads, is available by using 
ss together with surface compression, as indicated 

ardnesg C-52 are entirely practical when protected 
by a shot-peened surface, and they are extensively used in t,orsion*bar 
suspensions. 'Tk~ese sprin s are subjected to high static loads and to 
plastic deformation during presetting. The fatigue life of the springs 

hurt when they were peened after presetti but it was 
entirely satisfactory when they tvere peened before presett Is w e  infer 
that, ~vithout peening, the tensile stresses produced in the surface during 
presetting httd produced cracks, The camp sion of the peened layer 
prevented the cracks. We are reminded of man" experiments on 
plastic stretchillg of brittle materials under lateral compression. 22 

Another typical cation is found in aircraft landing 
compression (ob by shot peeni ) enabled the airc t industry to 
use steel of 270,000 psi tensile strength (Rockwell C-52), which otherwise 
would be too "brittle'9for such a critical application. 

s of steel is measured by the trmsition temperature from 
ductile to brittle behavior, or by the strain velocity required to produce 
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brittle fracture, the beileficial effect of surface compression can be 
expressed quantitatively. Grossman shows. 60°F lower transition tem- 
perature, or t~venty times higher strain rate, on specimens of 1020 steel 
after shot pee rittleness and notch-sensitivity are overcome by 
surface camp because plastic adjustment can then take place 
without exceedi e highest bearable tensile stress. 

9.29 Application LO Limited Fatigue Life 

A great number of fatiigue tests comparing parts with and tvithout 
compressed surface layers have been carried out. Some of the results 

Cycles to failure 
Bect of surface co~npression on fatigue life tzt various stress levels. 

are shown in p sections, All these data result in curves of the 
type sho~vn in I, The endurai~eo limit is raised-often by the 
full amount of residual ~ompressive surface stress, At higher levels 
of stress range and corsespondi~ly shorter lives, the increase in per- 
missible load is smaller. The life extension obtained by surface com- 
pression at equal loads is very high a t  loads slightly above the endurance 
limit and is fr uently the more decisive factor. At still higher load 

a t  lives around 1,000 to 10,000 cycles, surface corn- 
no improvement. 

or an explanation, one might relate these data with the 
redistribution or f adin of residual stresses when the total stress exceeds 
the dynamic yield str gth or with " notch effect " of the uncompressed 
surface. In lookin the practical application, it would be a mistake 

compression cannot improve the performance at  
life requirements of less than 10,000 cycles. Here the use of harder 
materials, protected a &inst brittleness and notch-sensitivity by a com- 
pressed surface layer, mill bring substantial improvements in fatigue life 
and load-carryin 
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We have reviewed a number of techniques for improving fatigue 
resistance by surf ace stressin . In  the main, these techniques consist of 

or expandil~g the s in of parts mi$hout stretching or expandilig 
Skin hardening by heat treatment and skin stretching by 

e the two most common methods for producing a compressively 
stressed armor. Compressive stresses produced by these methods have 
been measured and fouxxd to be very substantial. Fatigue improvement 
is often startlin , because the armored parts are far less sensitive to 
surface finish and small sharp notches. Commercially finished, compres- 
sively armored pwts exceed the fai;igue durahili.tiy of polished specimens. 
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