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S H O T  PEENING FOR I M P R O V E D  F A T I G U E  

PROPERTIES AND S T R E S S - C O R R O S I O N  R E S I S T A N C E  

I SUMMARY 

I shot peening procedures dwelowd over the past 40 
ygn hme resulted in wbmntial improvements in fat~gue 
#and stmu conaion resistance of high-strength 
dloy+ Thaw, impmvements have been otaewed in shot- 

f ,.. specimens and components of high- d s .  

f aluminum alloys. titanlwn alloys. a d  otherengi~aringalloys. 
i n i s  Rpon contalm information on m n i n g  prccedures that . b e  bran urcd in processing spefimern and components to 
&ieve these improvmnts in performance. Certain precau- 
tions a n  potnted out that should be obrsnred in order to 
obtain the improved p r o m e s  that have been amibuted to 
ih. w i n g  Pr- 

The beneficial effects of shot peening are attributed 
primarily to the p rance  of residual'compnuive n r a s a  a t  
or near the surface. These compressive stresses can be very 

:effective in prolonging fatigue life a n d  in minimizing rtrau 
cormion failures, ro long as they are not reduced significantly 
by the service conditions. Their effectiveness can be impaired 
considerably by (a1 exposure totemperatures a t  whichdgnifi- 
cant stress &laxation can occur. (bl fatigue cyclingat R values 
lminimum meu/maximum mess ratio) approaching-1, where 
the residual stress p m m  tends to fade with increasing num- 
b e n  of cycles, or (cl exmure toenvironments that chemically 
attack the wrface.thereby changing the nsidual mw pasm. 

The effectiveness of peening depends in largs measure 
on the peening intensity. The latter is a function of numerous 
variables. including workpiece material, shot material. shot 
size, type of w i n g  machine, and time of peening. Inten- 
sities are measured by peening specified flat strip specimens 
of steal lrefened to as Almen test miml and mearuring the 
arc height of tha curvature that resuitsfmm the residual nnns 
Pntsrn achieved by peening. This height, in inches. is the 
Almen intensity. The extent of peening coverage also can b. 
important. Generally, peening to obtain complete coverage 

: or even redundant merage is preferred to partial coverage. 

Sizes and  types of shot to beselected for a certain 
i ing application depend on the material m be peened. desired 

Peaning intensity, fillet size. hole size. etc. For most peening 
applications, the shot material is chilled cut imn, cat d. 
eut steal win, or glass beads. Each h o t  mamrial is rscom- 
mended for spc i f i i  applications. Nonferrous shot of various 
compositions is sometimes used. 

Some of the peening programs cited in this mpon 
indicrta the peening intensities that resulted in the gnsmst 
benefit in performanw b a d  on test data covering a rang of 

intensities. shot sizes, and other variables. Optimum perfor- 
mance from psened componena can be achieved only by 
conducting a preliminary testing prqram to evaluate the 
effects of the peening variables on the performance of the 
components. When optimum conditions are established. 
control of the peening process must be maintained to assure 
consirtant benefits. 

This report is intended to provide background infor- 
mation on peening for tKose who are concerned with obtain- 
ing maximum performance from highlystressed components. 

The pattern of inquiries on various aspects of shot 
peening to the Defense Metals Infomation Center IMCIC's 
predecessor) over the past few years indicated a growing inter- 
est in the application of peening pmcedures to improve the 
performance of criticai aerorpse components. To sari* 
the developing need. this summary of current peening pro- 
cedures. methods of control, and improvements in perfor- 
mance that may be achieved by using these procedures was 
prupared. based on repom of U. S. Government-sponsored 
research and in the open literamre. 

In general, the peening processes produce residual com- 
presdvesmues in the surface layers of treated components. 
When these components subsequently are loaded in tension 
or in bending m a mess level in the range b l o w  that required 
for yield. the amal tensile stress a t  the surface is lower than 
that calculated on the &is of load and cross-sectional area. 
Most fatigue failures and svsusorrorion failures normally 
start a t  or near the mhcn stressed in amion. Thus. pm- 
casses that produg residual surface compressive stressea in 
components usually enhance the resistance to fatigue and 
stress corrosion failure. The effects of shot peening on a 
material's mistanca to these two types of failure is discussed 
in detail in this report 

The useof shot peening for sheetmetal forming, mduc- 
tion of cavitation damage, testing fhe adherence of el- 
phmdcoating. and for removingsurtacecontamination (clea- 
ing) of metal components a n  not d i ra r~ad  in the ~ p o n  

SHOT PEENING PROCEDURES 

Specifications 

. Spucifications for shot peening procedures, hot .  and 
mahods for measuring and controlling intensity h m  bean 
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+eloped by the Societ'v of Automotive Enginsen (SAE). 
The Aerospace Material Specification for "Shot Peening" 
( A ~ S  2430 F) war revised on May 1, 1969. Since then. AMS 
2431 on "Mechanized Shot Peening and Peen Forming" has 
been prepared by the AMS Division of SAE Federal Speci- 
fication MIL-513165 also coven shot peening pmcedures. 

SAE Recommended Practices J441, J W ,  and J827. 
deal with cut-wire shot cast shot size numbers, and can 
steel shot rescectively. SAE Recommended Practices J442 
and 1443 describe Almen test strips and use of thm strips 
f a  measuring and cornrolling peening imsndry. SAE J445a 
dascriba a method for mechanical testing of metallic shot 

Many companies in the aerospace industw have their 
own specifications for shot peening proaua, which often 
an, designed specifically for certain products such as landing 
gears or springs. 

For production operations, details of the peening p r o  
ces for each part should be attached to the shop drawing of 
that part. The details should include: 

Type of peening machine (compressed air or 
wheel type) 

Air pressure or wheel speed 
Rate of metering of shot to the noale or wheel 
Type and size of shot or beads 
Speed of work movement through the machine 
andlor rotational speed of round components 

Time of exposure to the shot stream 
Number, size, angle, movement. and work 
distance of nozzles or wheels and locations of 
deflection plates and test specimens 

Peening intensity b e d  on Almen test strips 
Peening coverage in percent 
Details of masking pans 
Sequence of peening procedures if parts are 
subjected to more than one peening cycle 

Dimensional tolerances for peened componenb 

The mon  effective method for establishing the details 
of the prefemd peening prmdure for a cenain component 
i s m  evaluate a systematic series of the componeno peened 
to various intensities and tested under conditions of simu- 
lated service loading. This procedure has been used to set 
standards for peening of leaf springs. coil springs. torsion 
bars, connecting ro&. crank shafts and other highprodudon 
park  When arch approach cannot be justified, it is advisable 
to have someone who is experienced in h o t  peening pr- 
durn recommend shot sizes, nozzle distancm intensities. 
etc. "Procedures for Using Standard Shot Peening Test 
Strip", SAE 5443, is recommendad for u s  in establishing the 
exporure times mcemry t o  obtain specific peening intensities 
for a given peening applicaion. 

Shot Peening Equipment 

In commercial shot peening equipment. the shot is 
propelled by a high-pressure air stream in a nozzle or by a 
high-speed rotating wheel. Factors that control the peening 
intensiry are: 

Air pressure a t  the n o d e  or wheel speed 
Disrance of nozzle or wheel from the surfaces 
being peened 

Angle between the shot path and the surface 
being peened 

Rate of feed of shot to the nozzle or wheel 
Type and size of shot or beads 
Tme of expowre to the shot stream. 

Equipment of relatively small size may have one wheel 
or one nozzle, with some provision for moving the component 
in the shot meam or moving the nozzle to get uniform peen- 
ing coverage of the component Larger equipment may have 
multiple nozzle arrangements, with a mechanism for moving 
the components through the area subjected to the shot streams . 
a t  a controlled speed to obtain the desired peening coverage. 
Many shot peening machines are of special design for peening 
cenain specific Pam, such as coil springs or leaf springs, and 
have special fixtures and nozzle arrangements for mechanized 
peening of these pans on a high-production basis. 

The equipment must have some means for metering the 
shot to the nozzle or wheel to provide a steady and controlled 
supply of shot for peening. Air pressure to the nozzle should 
be regulated and the compressor capaciry should be such tha t  
a constant air pressure can be maintained. For wheel-fvpe 
machines. the driving power should be sufficient to maintain 
constant wheel speed during the Masting operation. Wear of 
the nozzles or wear of the impellers on the blasting wheel can 
cause variations in peening intensiry, other factors being con- 
stant 

Some means also must be provided for retrieving the 
shot from the blast chambar, pasring it through a cleaning 
chamber, through a separator to remove broken shot, and 
then into the stonga hopper. The importance of efficient 
cleaning of the shot and removal of broken h o t  should not 
be underestimated. since the qualiry of the peened surfaces is 
dependent on the use of clean uniform shot for the peening 
operation. 

Shot peening with metallic shot i s  always performed in 
the dry condition, but for some glass bead peening of non- 
rusting materials the glass beads may be in a water slurry. 
The duny is metered m a high-pressure air nozzle which prc- 
duces the blasting effect. 

Portable peening equipment called Roto Peen by 3M 
Company is available for reworking, repair, and,ncondition- 
ing of peened componentsf21 TIM peening tool consists of 
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-1 shot or Nngsten Carbide shot bonded to polymeric 
that extend from a slomd steel mandd. When the 

mol is mtated a t  2000 to 8M)O rpm, the flaps are forced 
@inst the surface to be peened. Peening intensities to 
a020 Almen A' are claimed. When using this equipment. 
-must determine by experiment the reguired peening 
times for obtaining the specified peening intensities and 
&art of coverage. Use of the equipment w u l d  be advan- 
v s  for peening of m i r  mtds and drilled holes down m 
314 inch diamater. 

Another rotary typ. af peening tool for peening in 
drilled hole has kar developed by Nonhrop NorairJ31 
Pming with this tool, d l e d  Norpeenine and results of 
meu-conraion tests on specimens containing peened holes 

discussed in a later d o n .  

T y w  of Shot 

Shot for peening is usually chilled can iron, cart steel, 
cut wire, or glass beadr Can shot is produced by atomizing 
a molten metal stream and quenching the atomized metal in 
water. The product i s  sired by screening. Cast steal shot 
contains 0.85 to 1.20 percent carbon and 0.60 to 1.20 wr-  
cent manganw (SAE J827) and is heat treated to the hard- 
ness range 40 to 50 Rockwell C after quenching. Cast steel 

h o t  has less tendency for breakage than chilled cast iron 
shot However. the latter usuaily is harder than cart steel 
hot and may produce a higher peening intensity, other fac- 
tcfs being constant Size ranges for cast shot are shown in 
Table 1. Modifications in the size ranges are being considered 
by the AMS Division. with a limited number of deformed 
h o t  in each size range. In designations of shot type andsize, 
a prefix CS commonly is used for cast steel (or S for steel), 
P" for chilled can iron shot and CW for cut-wire shot The 
Prefix is followed by a number (see Table 11 indicating the 
nominal screen aperture. Thus CS330 indicates cast steel 
h o t  most of which i s  retained on a screen of 0.0331-inch 
aperture in the standard screening analysis for shot 

Cut steel wire shot ar the name implies. is p r o d u d  by 
mtting steel w i n  t o  lengths approximately equal to the 
diameter. The size is designated as the size of the wire from 
which it was c u t  Thus. CW-54 shot ww ld  be obtained from 
iteel wire of 0.054 inch nominal diameter. The composition, 
iizes, and hardnesses are designated in SAE Recommended 
h t i c e  J441. Cut wire shot is conditioned to round off the 
mt comers M o r e  lning it for peening. The conditioned shot 
S very uniform in size and h a  leu tendency for fracturing 
than other typa. 

Glass beads for peening am designated by nominal 
Ereen size or diameter. For special peening applications, 
malleable iron or nowferrous shot of various compuitiom 
kg.. stainless steel or aluminum) may be used; howanr, 
nfonnation on u s  of special shot types is limited. 

' h i n g  intemity is M m d  18% 

' m e  P p d x  i s  not c o m d  in c u r m  rprciflarionr 

3 
Measurement of Peening Intensity 

Peening intensity is measured by means of Almen test 
mips as described in SAE 1442 and JM3. Three wpes of 
mips. designated N, A. and C, are 0.1231-, 0.051-, and 0.094- 
inch thick. nspmively. All Nips are 0.745 to 0.750 inch 
wide and 3.000 i 0.015 inches long. They are made of SAE 
1070 cdd-rolled spring steel,.hardened, and heat set between 
flat plates for 2 houn a t  800 F to obtain a hardness of 4 4  to 
50 Rockwell C for A and C strips and72 to 76 Rockwell A 
for the N strips. A test strip is held flat in a holder during 
expuura to the stream of shot After exposure for the 
desired timeperiod, the holder assembly is removed from the 
peening machine and the m i p  is removed from the holder. 
The difference in residual stresses barween the peened surfaces 
and the bulk of the strip produces a curvature. An Almen 
gage (SAE 14421 is used in measuring the arc height at the 
middle of the strip over a length of 1.250 inches. The arc 
height i s  a relatiw measurement of the curvature of the strip. 
A and C strips usually are used when peening with metallic 
shot and the N strip is usually used when peening with glass 
beads. Information for correlating intensities for each m i p  
type is given in SAE J442 The standard method for designat- 
ing peening intensify is to give the arc height or gase reading 
in inches followed by the letter designating the strip type. 
for example. 0.015A. Sometimes the designation is followed 
by -2 which means the number 2 gage was used in making the 
measurement (over a 1.250 inch span). For th is  report. it is  
assumed that a l l  intensities were measured with a number 2 
gage and the -2 will be omitted. The usual range of intensities 
for A strips is aW6A to 0.024A. I f  the intensity i s  lower 
than this, the N strip should be used; i f  higher, the C snip 
should be used. A correlation between arc heights in A, C, 
and N st r ips  when measured with a number 2 Almen gage is  
shown in Figure 1. 

In certain instances, it may be desirable to determine 
the characteristic peening intensity for certain conditions of 
peening or to madish conditions to achieve a specified peen- 
ing intensity. Almen test strips are used for these determina- 
tion% For specific peening conditions, ia., specified air 
pressure, shot size, distance from nozzle to peened surface. 
etc.. a series of Almen mips are peened for various time 
periods Measuring the arc heights and plotting these values 
versus exwure times will yield a curve similar to that shown 
in Figure 2 Point A. where the curve tends to flatten o u t  
represents the characteristic peening intensity for the specific 
peening conditions employed. Obviously, peening for time 
periods longer than the time period represented by point A 
will have only a limited sffect 

If tho peening intensity represented by point A is lower 
than desired, it can be increased by increasing the shot vela- 
ity andlor incmaring tha shot size. If the characteristic 
intensity is too high, it may be decreased by decreasing the 
shot velocity andlor decreasing the shot size. After changing 
the peening conditions, a new series af A l m n  strips should 
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TABLE 1. CAST SHOT SIZE NUMBERS FROM SAE J444l11 

1 Maximum and Minimum Cumulative Percantaw Allowed on 
Corresoondina Screens for SAE Shot Number: 

Screen 
Scruen Owning 
Na Size S1320 S1110 $930 S780 S660 S550 S460 S390 S330 S280 S230 5170 S110 S7C ---------------- 

12 0.0661 -- .- -- 97% 85% -- 5% All -- .. .- -- . .- -- 
min min max P a  

14 0.0555 -- .- .- -- 97% 85% -- 5% All -- - .- .. -. 
min min max Pass 

16 0.0469 -- .- .- -- -- 97% 85% -- 5% All -- .- .- .- 

I min min max Pan 

i 18 0.0394 -- -- -- -- -- .- 96% 85% -- 5% All .- -. .. 
I min min max Pars 
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again be exposed to the shot stream for various lengths of 
time to determine the charaaeristic intensity under the new 
conditions. 

When aluminum alloys or other nonferrws metals are 
peened. the intensities normally am specified by the Almen 
an: heigho of standard Reel strips. However, since the non- 
ferrous alloys usually are softer than the steel wad for the 
Almen mip. the peening impressionr are deepar in the non- 
ferrous components. Because of this. 100 percent cwerag. 
is obtained on the nonferrous materials in a honer time 
than on the Almen strips. Funhennore, the workhardening 
characteristics of ferrous and nonferrous materials am not the 
same In order to obtain a coda t ion  between the intensities 
designated by Almen (neel) strips and those of 2024-T3 
aluminum alloy, strips of each material wom peened under 
conuolled conditions at Metal lmprovament Company.l41 
The results are summarized in Figure 3. The correlation is 
hetween Almen A and C strips and strips of 2024T3 alumi- 
num alloy 0.100 and 0.188 inch thick. Four sizes of awl 
shot were used in estatablishing the corrdation curves: 0.019, 
(1033. 0.055, and 0.093 inch nominal diamcten. To illus- 
trate the application of the curves in Figure 3, the reader 
should note. for example, that the same arc height on 2024- 
T3 strips can be obtained by peening to the following Almen 
intensities: 

O.WA with 0.093 steel shot 
0.01 1A with 0.055 steel shot 
0.017A with 0.033 steel shot 

Another factor that should be considered in the mes- 
urement of peening intemitiw is the different hardnesses of 
the different types of h o t  To avoid any confusion in 
obtaining the desired pwning intensity, one should specify 
the type of h o t  as well as the preferred h o t  size for peening 
aluminum alloys and other nonferrous metals. I f  there is a 
choice of sizes of shot for peening aluminum alloys. experi- 
ence has indicated that the largest size, consistent with fillet 
and hole sizes, is mon  preferable. 

In addition to establishing conditions for the charac- 
teristic peening intensity, one must determine the extent of 
coverage to be achieved in a given time period under given 
peeningconditions. This may be aammplihed with Almen 
mips i f  they are polished metallographically before being 
exposed to the shot stream. The procedure for obtaining a 
magnified image of the peened surfacs and plotting the area 
of the peening impressions with a planimeter is discussed in 
SAE J443. An accurate measurement of the percent of 
cowrags is not practical above abcut 98 wrcent hence the 
conditions for 98 percant coverage arbitrarily repnrent full 
coverage. However, for appliwdons where coverage in excess 
of 98 percent is desired. the pwning time oken is exp- 
x a multiple of the time required to obtain 98 percent 
coverag.; as, 1.5 cwaaga r e h  to w i n g  for 1.5 ti- as 
long as tho period required for 98 percent cwerag.. 

m A . 0  Thin rtrlps (0.100") 
Thick rlripr (0.188") 

I 
i 

m 

A slnps 
C Strips 

A l m n  Arc Height of S l e d  Sltlpr. mils 

FIGURE 3. CORRELATION BETWEEN ARC HEIGHTS OF ALUn 
NUM AND ALMEN (STEEL1 STRIPS141 

The described techniques provide for a considerable dl 
grae of control of the peening processes. However, attantior 
should be given to producing the desired intensities at al l  par 
of the surfaces of the actual parts. This may present some 
problems if  there are complex surface contoun. Periodic 
examination of the surfacer a t  critical lccations with the ail 
of a magnifying glss will help in controlling the degree of 
carerage being obtained. - 

For more detailed information on shot peening proce 
ures, refer to the section on Shot Peening in ASM Metals 
Handbook, Volume 2, Heat Treating, Cleaning and Finishir 
American Society for Metals. 1964. 

SURFACE EFFECTS PRODUCED 
BY SHOT PEENING 

Shot peening tends to work harden the surface layers 
of metal components and to produce compressive residual 
stmm in these surface layen. The work hardening effect 
at the surfaces may be detected by means of a microhardne* 
survey acms the polished c r w  section of a peened specimi 

Residual stress magnitudes in hot-peened surface lay1 
have been measured by several diffennt tsfhniques at a nur 
kr of laboratories. Among the techniques is the x-ray 
method ud exmnsivdy at BoeingiSl and other laboratori~ 
and the method of memuring curvaturn after m o v i n g  thic 
lym from the surfam by etching The latter method was 
wed a t  the University of lllinds in a program for studying 
pwning msaa 161 Each of the refermc8S uosd refers to . 
mny other w m m  of informnion on t h ~  ~ u b j e n  
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At Boeina a program was conducted in which AlSl 
,130 #d fatigue rpacimens. 8 x 1.0 x 0.125 inch, heat 
mated to a tensile strength in the range 150 to 170 hi, were 
@,to an intensity of 0.020A.[51 Cast steel shot of 
0033 inch nominal diameter was used in a air-blast machine 
mid at 95 kri air pnoure throu* a 3Binch nozzle. 
m residual stresses induced by pdening and measured by 
,j,, x-rav method to a d m  of 0.020 inch below the surfaca 
n shown in Figure 4 by the solid squm po inu  The mid. 
u~ mess pattern i l lumnsd by the poine, typical of peened 
wimens, indicaog that the maximum midual ma9 in 
mprsa ion  i s  a few' mils below the surface. Atar  28.000 
cycles of tension-tension ma9ing betwsen 4,380 pi and 
73,000 psi. the midual mansr dropped from about 
90,000 mi in compression to about 75,000 psi in compms- . 
sion. This is indicative of the "fading" of the midual 

on temiarroanrion fatigue loading Referenan 5 and 
6 describe in detail how the surface mesm fade a th. vi- 
mew are s u b i d  to wdic loadin$& 

H Shot peened only 
80 c-4 Shot p e e d  +28 k cycles between 

+ 4.38 ksi and + 73 ksi 
-4- D 

Dapth Below Swfoce, inch 

FIGURE 4. RESIDUAL STRESSES NEAR THE SURFACE IN SHOT 
PEENED SPECIMENS OF HEAT TR!EATED 4130 
STEEL151 

In a study of the influence of shot size on the midual 
Stress distribution, fatigue specimens of SAE 5160rtwl were 
Pwned with shot of different sizes and subjectd to residual 
SVess analyds by the x-ray d i f f r d o n  method at the Chlyder 
~orporation.[71 The specimens were heat treated to a herd- 
ness of 50 Rockwell C and finish ground to 0.610 inch 
&nwter in the am d o n  before peening. Can stad h o t  
of four sizes (CS 230, CS 390. CS 650, and CS 660) was used 
in the m n i n g  operations The w i n g  proadurn and peening 

time were the same for a l l  specimens (no peening intensity 
data were reported). Since the processing was intended to be 
representative of that applied to obtain maximum resistance 
to failure on torsion fatigue loading, the specimens were P e  
stressed in torsion to 175 ksi surface shear mess. The resid- 
ual straws were determined at the surface in the tangential 
direction and at 45 degrea to the tangential direction for 
maximum tensile and maximum compressive loading result- 
ing from pratreaing. Howaver, then was no substantial 
differ- b e e n  the residual stress curves in the direction 
of maximum applied tensile loading for shot peened and pre 
mwcrd and those for shot-paed-cnly spscimens. 

The significant point is b a t  the maximum compressive 
mess was located farther from the surface for specimens 
waned with the larger shot This is shown in F i s re  5. The 
shot size had linle effect on the residual compressive stress 
a the surface. Ar a resuit of these tcm, one may conclude 
that the smaller size shot should be used for hardened steel 
components with relatively smooth surfaees which are free 
from defects such as pits, laps, and seams. Smaller shot 
roughens the surface less than does larger shot For compc- 
neno with surface defecu, a larger shot size is preferred. since 
the deeper residual compressive stresses minimize the stress- 
raiser effect of the defecu. 

Bonefie from shot peening have teen attributed m 
both the work hardening effect and to the compressive resid- 
ual mwa in the surface layen An indepth review of the 
relative contributions of these effects is outside the scow of 
this discussion. From a practical standpoint, ~e usual peen- 
ing operations produce both effects simultaneously. No 
ratisfamoly technique has been devised for showing which 
effect is more important in a specific application. 

Peening also tends to roughen surfaces. The amount 
and wpe of roughening depend on the size of shot used for 
the peening operation and other fanors. There is no general 
requirement for surface conditions prior to peening other 
than t h n  the wr fw be b e  of #re=, oil, dirt, corrosion 
products. corrorion-preventive coating* and paint Homer .  
individual companies may have their om surface finish re- 
quimmenk for surfaces to be peed .  A relatively smooth 
a-machined surface is preferred to amid trsca of machine 
markc in the peened surfacar Additionally, i n  steel parts the 
surface should not be dacarburizad 

The ideal peened surface contains a series of rounded 
impressions in at least 98 parcent of the surface am& To 
minimize the c e c u m  of irrsguler dents in the peened sur 
face, broken shot should be separated fmm the bulk of the 
shot during cycling in the peening machine. 

If roughness in the peened surfaces is objectioneble, as 
1tnuybsforkrar ingsu~orformtaah.therurfrar  
may be honed. lapped, or polished afar paaning. Howsver. 
the drpth of m m a  meur m m e d  by msrs p m m m  should 
not be mom than 10 p o r n  of the minimum are height in 



100 200 300 4m 500 600 m 
Shot Size (See Table I )  

FIGURE 5. DEPTH TO MAXIMUM RESIDUAL COMPRESSIVE STRESSVERSUS 
SHOT SIZE FOR SAE 5160 STEEL AT 50 RC HARDNESSI'II 

inches when specified for A or C Almen ta strips and not 
more than 3 percent of the minimum an: height for N test 
m ips  In some instances, the surface metal may be machined 
off to the bottoms of the p+aned impressions. Information 
on the residual mar pattern would be beneficial in deter- 
mining the limitations for removal of surface metal. 

Temperatures to which the peened components am 
exposed during machining or other pr-sing should not be 
so high that the residual messes are affected significantly. 
For mast steels and titanium alloys. the temperature should 
not exaed 475 F; for nainless steels, it should not exceed 
550 F; and for aluminum and magnesium alloys. it should 
not exceed 200 F, &cording to the propond AMS 2431 o n  
Mechanized Shot Peening and Peen Forming (May 7, 1969). 
The effect of e x m m  mmparature may bs determined by 
exposing a series of peened test strips of tho alloy to various 
temperatures. D e c r d  in arc height following exposures 
will indicate that the residual msuer have h relaxed 
during heating. 

SHOT PEENING FOR IMPROVED 
FATIGUE RESISTANCE 

Om of the eariiest industriel applications of modem 
shot peening techniques (circa 1940) war developed to im 
prove the fatigue lifa of valve springs.[81 With the develop 
ment of pmper ConUd methods, shot peening was effective 
in  practidly d imiming valve spring failures in automobile 
enginn. The optimum peening conditions wem established 

by testing me peened swing in simulated sewicetype test- 
ing equipment. 

Shot peening techniques soon were developed for peen 
ing leaf springs and Belleville washers to minimize fatigue 
failures. The result was improved performance of automotiv 
suspensions and clutches. Special fixtures and techniques 
were dsveloped obtain optimum peening effectiveness 
under simulated sewicetype tgsting. Improvement in fatigut 
resistance of other engine and suspension components, such 
as connm'ng rods, crankshah, coil springs. and torsion rod! 
also was achieved by shot peening. 

In many peening applications. it may not be feasible t c  

urs full size components to evaluaa the effectiveness of shot 
peening. Hownnr, if sewice failures occur by fatigue. some 
form of fatigue testing procedure should be devised using 
specimens of the tame material heat treated to the same 
strength level and stressed in a manner similar t o  that experi. 
w e d  by the component Such tests are needed to evaluate 
the advantages of shot peening before assuming that it will b 
beneficial in impraving the fatigue life of the components. 

Shot waning also may be advantageous for minimizing 
fatigue failures in components that am redesigned t o  reduce 
weight The redesigned components usually a n  subjected to 
higher sewiw rtnues than the components of original desigr 
If the stress levels in the ndesigled components am wch tha t . 
failures acur by fatigue. shot peening should be considered a 

for minimizing this problem. 
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For evaluation of shot peening procedures. peened 

specimens ofan are subiecwd to various fatigue cycling 
such as rotatinpbeam, reversed-bendiq tension- 

mpreuion, tension-tension, or reversed-torsion. In fatigue 
t&~ where the R* value is -1, such as rotaringbeam tests. 
me extent of improvement in fatigue life resulting from shot 
p n i n g  usually is not as obvious as in those where 0 < R <I, 
(tension-tension tern. for example). Residual compressive 
m s  developad by peening tend to be diminished more 
npidly by cyclic compressive stresses than by cyclic tensile 
marts on fatigue loading. 

The most effective improvement in fatigue resisrance 
by shot peening is achieved in components that a n  subjected 
to tension-tension loading in service. Leaf springs usually are 
subjected to this t vp  of loading (considering surfaca strerrsl 
on one side only). M y  tens on automotive leaf springs 
indicated that Peening was necessaly only on the tension side. 
The improvement in fatipla resistance that peening provided 
made it feasible to use fewer leaves in the suspensions and 
resulted in better spring characteristics. The fatigue resistance 
of leaf springs and similar components can be enhanced by 
deforming them elMically in special fixture during shot 
peening as d i d  later. 

Even though shot peening has been effective in mini- 
mizing fatigue failures in many mucrural components. it is 
not necessarily a cure-all for all structures that are subject to 
fatigue failure. When such failure is observed in a component 
a complete review of the material selection, precessing speci- 
fications, stress analysis. fracture appearance. metallographic 
structure, and Component history should be considered in 
deciding what to do to minimize the-problem in future corn 
paneno of the same type. If the failed component has been 
h o t  peened. an examination of the peened surface and an 
evaluation of the residual surface meoes would be helpful in 
analyzing the effectiveness of the peening operation. I f  shot 
Peening is recommended as a preventive measure to minimize 
further problems with fatigue failure, a testing program 
should be conducted to verity statistically the improvement 
in fa t iw  life that may be expected from the mn ing  opera- 
tion. 

Because of the residual stresses produced by shot peen- 
ing yield strengths of peened tensile specimens usually are 
lower than those of corresponding unpeened specimens. This 
occurs because the bulk of the material in a peened tensile 
SPecimen a t  depths greater than 0.015 inch, in heat treated 

::4130 steel, for example. (Fiwre 4) is already under residual 
,: tensile stress. The combination of tensile s u e s  in the bulk 
m'th residual compressive stress in material near the surface. 
mulk in a low elastic modulus and yielding a t  gross stmrrsl 

that are lower than dme forunpaened specimens. Theeffect 
of the surface compressiw mess is retained until general 
yielding occurs across the bat section as a rarult of the ten- 

? sile load. Beyond this point. results of the tensile test are - 
.R value i s  the d o  of minimum stram to ~x i fnUm stram in fmbJ* 
oldins 

the same as those for an unpeenecJ spimen. The ultimate 
tensile strengths of peened and unpeened specimens of the 
same material are the same. 

Shot Peening Carbon i d  Alloy Steels 

Shot peenlng of steel componentr to ~mprove faflgue 
Properties usually involves high-mengdl carbon and ailoy 
steels. Applications include al l  types of spring and tonlon 
bars, engine componenu such as connecting rods and crank- 
shafts. and landing gear componeno. Becau* these COmP* 
nents are subjected to repeated h~qh ~ h s  in sewice. they 
are shot peened as one of the final operations in manu fwr r  

Ar noted previously, valve spring for automotive en- 
gines represent one of the earliestpmdum for which a nl* 
matic m d y  was conducted to establish optimum peening 
procedures. [81 in the study, springs of 1-7/8-inch free 
length and 1-7132-inch 0.0. were coiled from 0.162-inch 
diameter valve spring wire (average composition 0.65% C. 
0.58% Mn). The springs were heated to 750 F after coiling. 
Maximum spring stress* for no failure in 10 million cycles in 
unp-ned springs was in the range 20,000 to 95.000 psi. To 
establish optimum time for peening by an established PrMe 
dure, batches of springs were peened for 7, 10. 15. and 20 
minutes. All of the peened springs were heated for 20 min- 
utw a t  500 F - -  the maximum temperature that permits r e  
tention of maximum fatigue resistance. Heating to this 
temperature before use in an engine minimizes changes that 
might occur a t  operating tempentuns Fatigue tests on the 
springs indicated that those peened for 10. 15. and 20 min- 
utes could be stressed to 135,000 psi during cycling (20,000 
psi minimum mess) for 10 million cycles without failure -- 
representing a 42 percent average imnm in endurance limit. 

Heating of springs to 825 F for 20 minutes after peen- 
ing completely eliminated the e f f s t  of the psening On the 
fatigue properties. In the invm'gation of other variables. 
1/16inch diameter and 3164inch diameter stwl shot were 
used for peening springs made from (1148-inch diameter and 
0.187-inch-diameter wire. At high fatigue sues levels, the 
springs of smaller wire performed better when peened with 
the smaller shot. while the spring made from the IarW wire 
performed better when peened with the larger shot. Peening 
with the smaller shot did not roughen the surface as much as 
did peening with the larger shot P e e d  springs made of 
decarburized wire or wire containing r c r a t ~ h ~  and larga in- 
clusions failed at  substantially 1- maur when cycled UP 
to 10 million times than peened springs made of satisfactow ' 
wire, tested in the same way. 

'Maximum r p r i n q m  - &ermined by :ha W h l  formula and is P 

r u m i o n  of tha t o n i w l  and shrri,q IUUUI: 

1 6 P r l 4 ~ - 1 l ,  0.815 
;H3 c 
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The same equipment was used in a later program to 

fatigue test peened and unpeened valve springs over the tem- 
perature range -75 to 650 F.[91 

The later program war cmcerned with peening of wire 
springs made from: 

Pretempered carbon steel 
Pretempered chromium-vanadium steel 
Pretempered chromium-silicon steel 
Pretempered high-manganesa steel 
Patented music wire 
Harddrawn 18 Cr-8Ni stainless steel 
H ighwed smel wire. heat treated after coiling. 

Wire for thae springs was of 0.135 to 0.148inch diameter. 
All of the pretempered nee1 springs and the patented music 
wire springs were tempered at 750 F for 112 hour afmr coil- 
ing. The stainless necll springs wen coiled on a lathe, oil 
quenched from 2250 F, and tempered at 1050 F for 3 houn 
and a t  1150 F for 3 h o u n  Springs were shot peened for 112 
hour and then tempered at 450 F for 112 hour. Additional 
information on the peening operation is not available. 

Furnaces wen positioned around the springs on the 
fatiguetesting machine for the elevated temwrature tests. 
Maximum operating messes and temperatures for 10 million 
cycles without failure are shown for each spring type in 
Figure 6. Effectof tha peening in increasing the allowable 
m i c e  stms under the conditions of fatigue loading is evi- 
dent from thesa curve& The banefit from peening tended to 
decrease at the elevad temperaturn but the overall effect 
was dependent on the composition and treatment of the 
wires. The upper curve in each set represenk the maximum 
men on the springs a installed in thsengine while the lower 
c u m  represents the maximum m a s  f w  a lifetime of 10 
million cycles. in springs that already had bean run continu- 
ously in a test engine for 98 hours. The figure indicates that 
some relaxation had taken place in the engine-tested springs. 

Results of the fatigw tem on springs of five types of 
wire at -75 F are shown in Table 2 The benefit of shot peen- 
ing for springs tested a -75 F war about the same as for those 
of the same material W e d  at room temperature. 

One of the early investigations in which the influence of 
shot size. shotvelocity, and peening time w r e  analyzed with 
respect to peaning intensity. residual-mess panen, and fatigue 
properties was that reported by Mamomand Coleman. 11 01 
The specimens. of SAE 5147 steel. were similar to sub-size 
leaf springs (0.192 x 1.5 x 12 inches). There specimenswere 
heated to 1W F,clampndin a c u ~ e d  fixtureimmediately 
upon removal from the furnace, and quenched in oil while in 
the fixnrra Then they were removed from the fixture and 
tempered at 725 to 780 F for 70 minutes to a hardness of 48' 
Rockwell C All of the specimens subjected to fatigue msts 
ware prerat before peeningto a nominal 220.000 pi s u b  
streoor 10prtsnt above the testmat of 200.000pri. Tho 

specimens were either sandblasted or peened on the tension 
side. Chilled iron shotwas used for peening in a compressed- 
air NPe machine while each specimen was clamped in a fixture 
which was rotated and moved laterally under the air-blast 
nozzle. Almen strips were fastened to the fixture. 

For fatigue testing, the swimens were supported a t  
each end and loaded at the middle on the convex surface. 
The loading "shoe" was designed with a curvature that 
produced a nominal surface stress of 200,WO psi surface 
mess in tension a maximum deflection of the specimen. 

As shown in Figure 7, nonpeened specimens failed in 
4500 to 5900 cycles. or about 5000 cycles. Sandblasting 
the specimens for 1 to 4 minutar with thc air pressure at 80 
psi extended the fatigue life significantly. Effects of peen- 
ing with 130 chilled iron shot (0.015inch diameter) a t  air 
pressures of 25.50, and 75 psi and for times of 0.5 to 30 
minutes a n  also s h w  in Figure 7. Maximum fatigue life 
apparently was achieved by peening for 1 to 4 minutes with 
an air pressure of 50 psi for the fixturing used in this peen- 
ing program. Specimens peened for only 112 minute had 
much shorter lifetimes. Peening for times up to 30 minutes 
did not improve the fatigue lives of the specimens over thcse 
which wen peened for 4 minutes, but on the other hand, 
30 minutes of peening did not prove to bd very demmenta;. 
Peening for 5 minutes with an air pressure of 25 psi appar- 
entJy failed to produce the desired depth of compressive 
sue- near the surfaces of the specimens. 

When larger shot (6601 was used in peening another 
series of specimens. the fatigue propemk obtained were less 
satisfactory than those obtained with the 130 shot The re- 
sults are shown in Figure 8. As before, peening for too short 
a time period provided only marginal improvement in the 
fatigue life. but over-peening did not appear to damage the 
surface. 

Similar data for a third series of specimens peened 
with 230 shot representing an intermediate size. are shown 
in Figure 9. Minimum conditions for achieving near- 
optimum life are. for example, 5 minutes peening time at 55 
psi air pressure or 15 minutes peening time a t  25 psi air 
pressure. Again. overpaening within the conditions shown 
in Figure S did not degrade the fatigue properties of the 
specimens. 

Correlation of fatigue test data with arc heights of 
Almen C strips is how in Figure 10. The larger shot has the 
capability for producing greater an: heights corresponding to 
extended peening times. However. for dm specimens used 
in t h e  taa (0.192 inch thick). it was not necessary to 

obtain larg. an: heighn w obtain maximum resistance to 
fatigue failure. Good coverag with the smaller shot siza war 
more effective. sin- it was rcmplished in a shorter time 
for the smaller skot with the shot metering arrangement used 
in tern. 
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Residual stress pamrns near fhe surfaces of specimens 
wd with 230 chtlled iron shot are shown in Figure 11. 
,zor the range of peening conditions shown. the depth of the 

messes is greater ar the corresponding arc height 
(*ning intensity) is increased. The residual stress pattern 

about the same for specimens peened 5 minutes with 130 
hot using 50 psi air prawure as itwas for those peened with 
230 shot for 15 minutes at 20 psi prassure (curves numbered 
D urd Ein Figure 11 ). Greater depths of cornprauive stresses 

noted for ipecimens peened with the 660 chilled iron 
hot than for those peanod with shot of smaller sizes. 

Strain peening (waning during deformation) also can 
u r d  for various types of springs to improve their fatigue 

pperries. To show the effect of main peening. Mamon 
and Coleman bmt additional specimens of 5147 smel elasti- 
d l y  in a fixture to a predetermined cutvaturn while the 
m i l d  surface was peened. These specimens were 
then fatigue tested by the same procedure used for the other 
peened specimen+ Results of the tests are shown in Figure 
1 2  Maximum fatigue life was obtained for specimem 
strained during peening to about 0.0045 inch~inch or greater 
for the smaller sizes of shot Total surfacs strain a t  the yield 

' mangth was about 0.0069 inchlinch. The improvement in 
fatigue life for the strain-peened specimens is about 10 time: 
that for urntrained specimens peened according to the same 
procedure but without prestraining. Strain peening produces 
a greater depth of residual compressive stress near the surface 
than that in waned but unstrained specimens, and the map 
nitude of the compressve stress is greater just below the 
surface in the strainpeened specimens. 

The data plotted in Figure 13 indican the effect on the 
fatigue life of heating after peening. These data indicate that 
heating to 200 F can caw some reduction in fatigue life. 
Further reductions occur as the expcaure temperatures are 
increased. The reductions are cawed by partial relief of the 
compressive residual stresses near the surfaces. 

Additional onedirectional bend testing of nrain- 
peened specimens has been conducted a t  General Motors on 
leaf-springtype specimens of SAE 51 60 spring steel.lll1 
The specimens were heat treated to 48 Rockwell C hardness 
and finish machined to a size of 0.215 x 1.750 x 12 inches. 
The flat blanks were preset by bending to develop a surface 
mw of 220 ksi (slightly above the yield suength) in the 
same bending direction that would be used in the fatigue 
am. Afmr prsssning. the specimens were peened with 
230 chilled iron shot to an intensity of 0.006C with coin- 
plem coverage on the "tensile" side only. 

The preening treatment by itself produced a residual 
compressive surface stress of about 35 ksi and a resultant 
substantial increase in the endurance limit (128 ksi) over 
that for swdmens in the heat-treated condition (about 
90 bi). SN c u m  for specimens tested in the preset wndi- 
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tim. after conventional shot Peening, and after strain peen- 
ing are shown in Figure 14. For strain peening, the applied 
strain of +0.30 and +0.60 represenu applied tensile strain in 
the peened surface during peening and -0.30 and -0.60 per- 
cent represents applied compressive strain on the peened 
surface during peening. Straining the peened surfaces in 
tension developed increased compressive residual stresses in 
the surface layen. ar shown in the figure, and resulted in 
increased endurance limits. Prestraining in compression 
during peening had the opposite effect. 

Cinumferentially notched round specimens of heat 
treated AlSl 86845 steel. peened and unpeened. have 
ten  ksted in bending fatigue at Caterpillar Tractor 
Company.[ 121 The specimens were obtained from 3-318- 
inch bar stock which had been normalized at 1600 F. After 
rough machining, the specimens were austenitized at 1500 F 
for 2.5 hours. quenched in oil, and tempered a t  550 F for 
2 hours. They were then finish machined to 1.50 inch 
diameter a t  the root of a 0.25O-inch radius annular notch. 
The stress concentration factor ( K t )  was about V.5. Sepa- 
rate series of specimens were retempered a t  670. 1080, and 
1280 F to yield hardnesses of SO. 35. and 20 Rockwell C, 
respectively. About 0.0025 inch was etched from the notch 
surface by electropolishing to eliminate the surface discolora- 
tion resulting from tempering. Some of the specimens from 
each series were shot peened in the notcherto an Almen 
intensity of 0.024A using nominal 0.03binchdiameter steel 
shot Residual surface stresses were determined by the x-ray 
line broadening technique for each.series of specimens. 
Revened-bending fatigue testr were conducted in a specially 
consrmcted machine a t  18Ml cycles per minute, with R = -1. 

Results of the fatigue tests are plotted in Figure 15. 
The surface residual stresses in the notches of the specimens 
for each condition are noted in the graphs. Residual suesses 
in the unpeened specimens are the result of the heat treat- 
ment (La.. quenching stresses). The peening procedure was 
the same for all specimens but the average residual compres- 
sive stresses at the surface were 76.000 psi for the RC 50 
specimens, 59.000 psi for the RC 35 specimens. and 45.000 
pi for the RC 20 specimens. The fatigue life and endurance 
limit of each of the peened specimens were substantially 
greater than those in corresponding unpeened specimens. 
The data clearly show the advantage of shot peenjng of steels 
at  high strength levels for minimizing fatigue failure problems. 

In another experimental program at Caterpillar Tractor 
Compan-y, fuRha information on the effem of surface 
compressive stresses produced by hen treatment and by shot 
peening was obtained using similar bcnding fatigw tests on 
rwnd notched specimens.[ 131 Longitudinal residual stresses 
were measured in the notches by an x-ray diffraction tech- 
nique ar before. Specimens were peened in the notches to 
inwsities of O.0'24A using 9 3 0  steel shot or to O.016C using 
S550 steal shot 
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FIGURE e. MAXIMUM STRESSES FOR 10 MILUON CYCLES IN FATIGUE TESTS OF VAL* SPRINGS AT ELNA~~TEMPERATURES[ 



See legend (a )  

Temperature, F 

g. High -Speed Steel. 

FIGURE 6. Ibntinmdl 

TABLE 2. MAXIMUM STRESSES FOR 10 MILLION CYCLES FOR 
FATIGUE TESTS OF VALVE SPRINGS AT .75F[91 

- 
Shot Peened Unpeened 

Maximum Maximum 
Stress Stress. 

mi pri 

Carbon Valve-Spring Steel 135.000 95,000 
Chrome-Silicon ValvhSpring Steel 135.000 95.000 

High-Manganese Valve-Spring Steel 140.000 100.000 

18Cr-8Ni Stainless Valv~SOring See1 105,000 85.000 

Chrome-Vanadium Valve-Spring Steel 135,000 Not run 
. 



Shot Peening 
Treatment 

No - peening 
Sand 80 
Sand 80 4 ' 1  I 

FIGURE 7. RESULTS OF BENDING FATIGUE TESTS ON SPECIMENS OF 
5147 m E L  PEENED WITH 130 SHOT AND CYCLED TO A 
MAXIMUM STRESS OF 200.OW PSlIlOl 

Fatigue Life, cycles x 10' 

Shot Peening 
Treatment 

660 51 30 

660 56 15 
660- 57 15 
660 51 3 0  
6 6 0  84 6 0  
660 64 120 

FIGURE 8. RESULTS OF BENDING FATIGUE TESTS ON SPECIMENS OF 
5147 STEEL PEENED WITH 660 SHOT AND CYCLED TO A 
MAXIMUM STRESS OF 200.000 PSlIlOl 
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Fatigue Life, cycles x 10' 

Shot Peening 
Treatment 

FIGURE 9. RESULTS OF BENDING FATIGUE TESTS ON SPECIMENS OF 5147 STEEL PEENED 
WITH 230 SHOT AND CYCLED TO A MAXIMUM S7RESS OF 200,000 PSI[101 

No peening 
Sand blast 
130 shot 
660 shot 
230 43 2 
230 55 5 
230 50 I5 
230 55 30 
230 10 15 
230 20 15 
230 25 15 
230 35 15 
230 43 15 
230 50 15 
230 65 15 
230 80 15 

Arc Height "c" Strip Fatigue Life, cycles XIO' 

- 

FIGURE 10. FATIGUE TEST DATA FOR SPECIMENS OF 5147 STEEL CORRELATE0 WITH 
ARC HEIGHTS OF A M E N  STRIPS1101 



Stress, ksi 

FIGURE 11. RESIDUAL STRESS PATTERNS NEAR THE 
SURFACES OF SECIMENS O f  5147 STEEL 
PEENEOWIlH Z~CHILLED IRON SIOT[101 
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FIGURE 1 2  RESULTS Of BENDING FATIGUE ESIQ 
ON STRAIWEENED SPECIMENS Of 
S147 STEEL[101 



Fatigue Life, cyc les  x 10' 

FIGURE 13. RESULTS OF BENDING FATIGUE TESTS ON SPECI- 
MENS OF 5147 STEEL THAT WERE PEENED. THEN 
HEATED FOR FOUR HOURS AT THE INDICATED 

Spsimru w e n  pmd with 230 shet for 20 mirmtr 
a M pi air pnsure m 0.003 C in-. 

o. One- Directionol Bending S-N Curves b. Longitudinal Residual Stress 
Distribution 

FIGURE 14. S N  CURVES AND RESIDUAL STRESES FOR SHOT PEENED LEAFSPRING- 
TYPE SPECIMENS OF SAE 5160 STEEL AT48 RC HARDNESSI111 
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In evaluating the effect of surface residual compressive 

mses obtained by water quenching carbon sow1 specimem 
in the as-quenched condition and after pwning, the investi- 
gaon at Caterpillar observed that peening to a given inten- 
Jty tended to produce a specific surface compressive stress 
wending on hardness but with negligible influence from the 
initial residual stress pattern. Thus peening "wiped out" any 
effect of the original surface residual stresses developed by 
water quenching. For water-quenched specimens of SAE 
11245 &I, the residual m a s  panern (from the surface to a 
depth of 0.040 inch) war more favorable for extended fatigue 
life than was the pamm gMciated with the quenched-an6 
permd specimam (Figure 16). In Figure 17, the data point 
for the fatigue limit of SAE 1045 a t  a hardness of 63 RC 
(water quenched, unpmsd) indicates an extreme condition 
for fatigue propehs. Peening similar s p a c i m ~  reduced 
the fatigue limit as well as the residual compressiw s m n r a  
a t  me su~+ace. 

Fatigue data also are shown in Figure 17 for peened and 
and unpeened specimens of SAE 86845. Surface residual 
stre- in thew swimens. which were oil quenched, wem 
near zero or slightly tensile after heat treafment Peening, 
therefore, increased tha fatigue l imiu for the specimens of 
SAE 86845 steel as shown in the figure. 

Although specimns in these tests were not tempered. 
commercial uts of arquenched untempered steel compo- 
nents is not recommended. One objective of the study at 
Caterpillar was to determine effects of carbon contena and 
residual stress partems on fatigue proparries without con- 
sidering other facton that apply to commercial component$. 
The results indicate thar there is a good correlation betwden 
carbon content surface residual suess, and faigue propar- 
ties, and pwning i s  one of tha variables that can be applied 
to establish favorable surface residual stresses. 

Shot Peening Nickel-Platad 
Steel Specimens 

The fatigue properties of nickel plated alloy steel 
specimens usually are much lower t h a  those of similar 
specimens without the nickel plating. This changa in proper- 
ties is caused primarily by residual tensile stresses in the 
nickel plating. By making certain modifications in the plat- 
ing bath and the procedure and maintaining good control of 
these conditions, a nickel plate having residual compressive 
suesses can ba produead, as discussed in Rafsrsnce 14. 
Homer; in many inmnces. it is more feasible to develop 
ihe compressive stresses by shot peening or by other 
mechanical methods. 

SN curves for tem of rominpbeam speciment that 
had been pa+ned either before or aftsr nickel plating am 
h w n  in Figum 1 8  The endurance limit of the pdishad 
and unplated specimns was 46,000 mi. Applying a nickel 
plate, which produced a high surface residual tensile mar. 

reduced the endurance limit to less than 20.000 psi. Shot 
peening prior to nickel plating eliminated m a r  of the 
detrimental effect of the plating, but peening after plating 
further improved the fatigue properties. One-eighth-inch- 
diameter polished-iteel bearing balls were used for peening 
to an intensity of 0.006A to 0.008A. In addition to improv- 
ing fatigue properties, peening after plating will tend to 
reveal any problems with respect to adherence of the plating. 

Shot Peening Chromiurn- 
Plated Steel Specimens 

Chromium plating also tends to develop residual ten- 
sile stresses at  the surfaces of plated components. This and 
other facton associated with plating cause a reduction in dw 
mduranca l imi t  Typical SN curves for chromium-plated 
and hot-pened rotating-beam specimens of the same alloy 
steel used in the nickel plating studies discussed above are 
shown in Figure 19.[141 The endurance limit of the 
chromium plated specimens is  rutmantially lower than thar 
for the polished and unplated specimens. When the speci- 
mens were shot peened and then chromium plated. the 
endurance limit exceeded that for the polished and unplate~! 
specimens. Paning intensity supposedly was equivalent to 
that for the nickel plated specimens discussed above. 

Earlier rtudies at Wright-Panenon Air Force Base also 
showed the beneficial effect of shot peening prior to chromi- 
um plating for high-strength steel components.[lS] On this 
program, R. R. Moore type rotating beam fatigue specimens 
were produced from SAE 4340 steel and heat treated to a 
hardness of 46 RC 1220 ksi tensile strength) or to 53 RC 
(280 ksi tensile strength). All specimens were finish ma- 
chined and polished after heat treating. During peening, the 
specimens were mtated to produce a uniformly peened sur- 
f s e  of 0.010A intensity in the tert sections. Specimens 
were plated in a conventional chromium plating bath con- 
taining 33 ounces/gallon of chromic acid and a Cr03/S04 
ratio of 100:l. They were plated a t  a current density of 2 
amperes per square inch for 3 houn with the bath at 130 F 
to obtain a plating thickness of about 3.5 mils. Some of the 
specimens were baked at 375 F for 3 hours while the others 
were tested as plated. 

Endurance limits for rotating beam fatigue teso on 
thae specimens were as follows: 

Endurance 
SAE 4340 Sted. 46 RC Limit. mi 

Polished (conaol) 109.OM1' 
Chromium plated 57,000' 
Chromium plated and baked 39,000' 

Polished (control for shot peening) 87.000 
Shot pssned and chromium plated 93.000 
Shot peened,chromium plated. and baked 98.000 

'Oam hum r r l i r  p-m, using a diffrnnt h u t  of md.Il61 
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FIGURE 1% SN CURVES FOR NICKEL PLATED AN0 SHOT 
PEENEO ROTATINGBEAM SPECIMENS OF 
ALLOY STEELIlll 
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FIGURE la SN CURVES FOR CHROMIUM PLATE0 AN0 SHOT 
PEENEO ROTATINGBEAM SPECIMENS OF ALLOY 



Endurance 
SAE 4340 Steel. 53 RC Limit. mi 

Polished (control) 105,000 
Chromium plated 55.000 
OIromium plated and baked 55,CiIO 
Shot peened and chromium plated 100.000' 
grot peened. chromium plated. and baked 103.000 

'Approxima wlua. 

These data indicate that the enduraw limits of the chromi- 
um plated specimens were about half of the corresponding 
endurance limits of the unplated specimens. Peening before 
plating, followad by bakingaftsr pl&ne.oven:ame the effect 
of the plating itself on the endurance limits. 

Effect of Pesnins ChmmiumPlated 
and FatiwaStnrted Swamenr of. 
AlS14340 Steal 

A program to evaluate the effects of shot peening on 
chromium plated and fatiguestressed specimens of AlSl 
4340 steel was initiated a t  the Aeronautical Materials Lab- 
oratory of tJw Naval Air Engineering Center in order to 
determine if shot peening could be used to extend the service 
lives of components after they had been in service.[l7] 
High-strength steel landing gear components have often been 
shot peened and chromium plated in the final stages of 
manufacture. 

Rotating-beam specimens of AlSl 4340 steel, 0.250- 
inch diameter a t  their midsections. heat treated to a tensile 
strength of 260 to 270 ksi, were prepared for this prcgram. 
Shot peening was accomplished in a rotating-wheel type of 
machine using ST10 shot to produce uniform coverage to an 
intensity of 0.009 to 0.010A Plating wac carried out in a 
chromic acid bath to a thickness of 0.002 inch. Initial data 
on the fatigue limie based on 20 million cycles and the 
fatigue strengths basad on 100,000 cycles for rmting-beam 
specimens in four conditions were as follow: 

Surface Fatigue Limit Fatigue Strength 
Preparation at 2 x 107 cycles a t  105 cycles 
of Specimens - ksi pe rcent ksi gercent 

Polished (control) 96 100 130 100 
Peened (not plated) 103 107 154 118 
Plated (not peened) 66 69 90 69 
Plated and peened 104 108 142 109 

Thew, data indicate that a modest improvement in the 
fatigue limit and fatigue strength occurred as a m u l t  of 
peening. Howwer, the fatigue properties were significantly 
lower in the plated specimnr than in the controls. Peening 
after plating -red the original peened fatigue l imi t  Haw- 
ewr. the rotating beam tests producn tensioncompression 
fatigue loading (R- -1) with maximum mert a t  the surface. 

crease in both the fatigue life in the low cycle range and in, 
the endurance limit. 

ing for both of these see of rpeclmens involved fatigue 
stressing on the rotating beam machme for 3000 cycles a t  a 
maximum cyclic stress of 135 hi. As expected. pr-essing 
reduced the fatigue life in the low cycle range. However, 
peening the prestressed specimens caused a sutntantial in- 

The S N  curves in Figure 21 represent rese similar to 
those illusnated by Figure 20: however, in the case of Figure 
21, prestressing involved fatigue stressing on the rotating 
beam machine for 5000 cycles a t  100 ksi maximum stress. 
Prestressing apparently had little effect on the fatigue prop- 
erties of plated spsimens although ~e plated specimens had 
a relatively low endurance l imi t  When plated and prestressed 
specimens were peened after prestrersing, the endurance 
limit was increased to approximately. that of the polished 
specimens. Highest fatigue propemes for plated specimens 
were obtained when they were peened after plating. Addi- 
tional data in the cited reference indicates mat repeening of 
specimens that had been plated. peened. and prestresed did 
not improve their fatigue properties. 

Effect of Peenins Chmmium-Plated 
Soacimens of AlSl H-11 S t d ,  With 
Effect of flevated Temoerature 
Exooum 

Additional studies of chromium plating and peening 
processes were conducted at the Aeronautical Materials 
Laboratoty on rotating-beam specimens of AlSl H-11 tool 
stee1.[181 Transvene specimens were obtained from two 
Cinch squara billets. one ai r  melted and the other vacuum 
a n  melted. All specimens were atstmitized at 1850 F for 
45 minutes. cooled in air to room temperature. and double 
tempered a t  1050 F for 2 hours each time. The resultant 
tensile properties were as follows: 

One would expect an wen more significant improvement for 
peened specimens i f  tensiie-tensile loading were used. 

Based on S N  curves using the data above, certain 
damage criteria were established for cyclic prestressing of 
additional specimens. Thesa damaqe criteria represent 
various stam of anticipated service life. Of the four S-N 
curves in Figure 20. one is for prestressed specimens and 
another is for prestressed and peened specimens. Prestrerr- ; 

Yield Tensile Elongation 
Strength, Smngth. in 2 in.. 

ksi ksi wrcent 

Air Melted 222 264 7 
Vacuum An: Melted 228 272 7 

Rotating beam fatigua tsrn were conductad on speci- 
mens in the following conditions: (a) pdihed. (b) plated. 
(c) p e e d .  (d) plated and peened, and (el peened and plated. 
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Peening of specimens involved 5 minutes in a rotating- 
wheel-type machine using S110 hardened steel shot. During 
peening, the specimens were rotated a t  100 rpm to produce 
a uniform coverage equivalent to peening intensity of 
0.0WA to aOlOA. Plating to a thickness of 0.002 inch was 
kmmplished in a chromic acid bath. 

Specimens of each condition were heated a t  375, 500. 
750. 1000, or 1250 F for 4 hours prior to fatigue testing at 
room temperature. to determine the effect of elevated tem- 
perature exposure. Companents in some applicatiom ba- 
come healed in m i c e .  and this program was conducted to 
establish whether damage occurs as a result of the elevated 

j temperature expasure. 

Fatigue strengths a t  100.000 cycles for rota&beam 
specimens of the H-11 stml are presented in Table 3. Expo- 
sure to 1000 F had no effect on the fatigue strength of the 
polished specimens. This result was expected, because the 
tempering temperature was 1050 F. Plating itself reduced 
the fatigue strength of the H-11 specimens much the same as 
for the AlSl 4340 steel specimens discussed previously. 
However. the fatigue strengths werehigher after the elevated 
temperature exposures of the plated specimens. presumably 
because the unfavorable plating stresses were lowered. Peen- 
ing resulted in higher fatigue strength than that obtain'ed on 
the polished specimens. and rubsequent exposure a t  tempera- 
ares to 1000 F for 4 houn had little effect on the fatigue 
strength. Peening after plating brought the fatigue strengths 
up to the same level as that of the unplated peened specimens. 

TABLE 3. FATIGUE STRENGTH OF VACUUM ARC 
MELTED AlSl K l l  TOOL STEEL AFTER 
ELEVATED TEMPERATURE EXPOSUREI181 

FatigueSuengths (ksi), of Rotating Beam 
Specimens after 105 Cycles When Tested a t  

Specimen 75 F After Exposure at: 
Condition 75 F 375 F 500 F 750 F 1000 F 

Polished 130 132 132 132 130 
Plated 78 96 98 114 112 
Fwned 138 138 140 138 142 
Rated and 140 142 140 140 142 
Peened 

Endurance limits for the same series of specimens are 
shown in Table 4. Endurance limits of the plated specimens 
(unpeened) increased as the exposure temperanrres were in- 
creased. Peening by itself did not have an appreciable effect 
on the endurance limit as compared with that of polished 
specimens, but peening either before or after plating tended 
to overcome the effect of the plating. 

TABLE 4. ENDURANCE LIMITS OF ROTATING-BEAM SPECIMENS OF AlS1 H-11 
TOOL STEEL AFTER ELEVATED TEMPERATURE EXWSURE[l81 

Endurance Limits (ksi) for Tests a t  75 F After Expawe at: 
Conditionla) 75 F 375 F 500 F 750 F 1OOOF 1250F 

Polished, AM 
Polished. VM 

Plated. AM 
Rated. VM 

Peened and 
Plated. VM 

(a) AM -- Alr mdmd: VM -- Vruum an: mdnd 



Glass Bead Peening Steels 

The effectof glass bead peening on the fatigue proper- 
;. ties of rotating h a m  specimans of AlSl H-11 tool s t e l  were 
' mdied in a program a t  North American Aviation.1191 The 
, specimens were austenitind a t  1850 F for one hour in a 

' neutral salt bath. cooled in air to room temperature, double 
mpered a t  975 F for two houn each time, and tempered 

? .  

i w i n  at 1025 F for two houn. Hardness of the specimens 
;. wag 55 to 56 Rockwell C. Tensile proprties of similarly 
: seated specimera were: tensile strength 3IX hi. yield 

strength 257 hi, and elongrtion 9.2 percent The heat- 
mated specimens were finish machined and polished in the 

?;' mt sectio'ns to a minimum diameter of 0.190 inch. Some of 

. these were glass bead peened to an intensity of 0.01 014. 
Rotatinqbeam fatigue tats were conducted at 5000 rpm in 
laboratory air. The resulting SN cuwa. shown in Figum 22, 
indicate that glass bead peening on these very hard steel b, . r ~  " : specimens subtantially increased the endurance l imi t  lnfor- 5 

:i mation from other sources also indicates improved fatigue 
, . 

properties for glarr-beadgaened alloy steel rpecimpns but the 

. available data are not complete. 
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Shot Peening Maraging Steels 

Maraging steels have been used for certain components 
that are subiemed to fatigue loading a t  relatively high stress 
levels. Data from the few fatigue testing programs t h a t  have 
been conduetad on maraging steels have shown considerable 
scatter. A program was initiated at International Nickel to 
determine preferred processing conditions for developing @pi- 
mum fatigue propenia.12Ol Fatigue curves were determined 
for rotatinqbearn specimens subjected to several precessing 
variables including shot peening. Thae specimens were pre- 
pared from one heat of 18 Ni. 250 grade, consumable elec. 
trade vacuum melted. crrur-rolled plate (1R-inch thick). 
The long axis of the specimen was parallel to the final r d h  
diremion. Data for both as-polished and as-peened specim~:. 
a n  shown in Table 5 for tau in which the specimens were 
subjected m a maximum cyclic loading stress of 130 ksi. 
Note the effect of the different processing sequences (age, 
grind. and polish and grind. polish. and -1. as well as the 
effect of peening on the fatigue life. 

240 - 0 Polished specimens 

0 Gloss -bead - peened specimens 
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- 
n 
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TABLE 5. EFFECT OF SEVERAL PROCESSING TREATMENTS ON FATIGUE LIFE OF 
18 Ni MARAGING STEEL SPECIMENS[ZOI 

Yield Strength; Tensile Reduction Fatigue Mean 
a2% Offset. Strength, Elongation, of Area. ~ife,(a) Fatigue Life. 

Treatmant ksi ksi percent percent 1000 CWles 1 WO Cycles 

1500 F/1 hr, AC. age 9W F 250 256 10 51 .O 411 
3 ht, grind, and polish 361 413 

468 

Same x above with shot 261 266 9 54.5 2245 
peening after polishing 4567 3837 

4699 

1500 FI1 hr, AC, grind, 251 2!59 11 55.0 1 36 
polish. and age 900 F/ 132 143 
3 hr 160 

Same x abcve with shot .- .. .. .- 705 
peening after aging 4582 2089 

98 1 

la) Spcirnmr oldd to 130 kri mxirnurn f i k  r v s P  in mming-krn ta.nnq -kine. 

For the aged, gmund, polished, and peened specimens. 
the averaga life based on triplicate tats was more than nine 
times the average life of unpeaned specimns when cycled 
to a maximum fiber stress of 130 ksi. The shot peening 
treatment produced an intensity of 0.W5A to 0.007A with 
S70 shot It was estimated that this peening treatment pro- 
duced a compressive s u e s  of 132 ksi in the surface layen of 
the specimens. Under these conditions, peening can be very 
beneficial in improving the fatigue life of maraging steel 
components. 

Maraging steel plate and welded specimens have been 
subjected to fatigue tests after shot peening at the Royal 
Armament Research and Development Establishment to 
determine the effects of peening[211 m e  18Ni 209grade 
maraging steel plate used in the tm was 3/1Ginch thick. 
The tensile properties of specimens aged a t  900 F for 3 houn 
were: 

Yield strength -. 197 ki 
Tensile strength -- 201 ksi 
Elongation in 2 inches -- 10.1 percent 

Fatigue specimens were pmpared of parent metal plate. butt- 
welded plate (with the weld transverse in the center of the 
test section), and plate in which two pieces were joined edge 
to edge by two cowr plates and welded by loadcarrying 
fillet welds. Some of the specimens of each type were shot 
peened to an intensity of Q012A using 0.170 inch diameter 
steel shot A rotatinqwheel.type peening machine was wed 
a t  2250 rpm. The specimens were tested under tension- 
tension fatigue loadhg with a minimum st- of zero and a 

frequency of 33 cycles per second. Average S-N curves for 
the six series of specimens are shown in Figure 23. 

Peening substantially increased the fatigue life of speci- 
mens of the parent metal plate and the butt welded speci- 
mens over the entire stress range. Peening of the fillet-weld 
tpecimans improved their fatigue life in the high-mess 
region. Peening tended to change the location of failure in 
the fillet welded specimens. 

Shot Peening PH Stainless Steels 

Fatigue specimens of 155PH stainless steel in the 
H-900 condition and the slightly weraged H-1050 condition 
ware tared at 8wing to determine the effect of shot p m -  
ing.[Zl Standard R. R. Moore rotatinqbeam specimens 
were machined 0.020 inch ovenize from 112 inchdiameter 
bar stock in the solution annealed condition (Condition A). 
The H-900 condition was obtained by aging a t  900 F for 1 
hour and the H-1050 condition by aging at 1050 F for 4 
hours. Rockwell C hardnex values were 46 and 37, respec- 
tively. All specimens were finish machined after aging. Our- 
ing shot peening, each specimen was rotdted at 20 rpm, but 
shot peening was done in  the test sections only. Two nozzles 
were paitionad straddling the longitudinal axis of the speci- 
men and 60 degrw to the horizontal specimen plane. They 
were automatically oscillated parallel to tho specimen to 
produce a uniform peening intensity of QOlOA with S170 
h t  

The effect of this paning treatment on the fatigue life 
is shown in Figure 24. The SN c u r w  indicate subrtantial 



Plate &t WM Fillet Weld 
60 1 

Cycles to Failure 

FIGURE n &N CURVES FOR TENSION-TENSION FATIGUE TESTS ON PARENT METAL 
AN0 WELDED SPECIMENS OF 18N1(2Wl WRAGING m E L I 2 l l  

Cycles to Failure 

FIGURE 24. SN CURVES FOR ROTATINO-BEAM FATIGUE TESTS ON SPECIMENS OF 1 H  PH 
STAINLESS STEEL IN THE H-WO AND H - l a  CONDlTlONSlpl 



improjement in fatigue life by peening. Note tha the fa- 
tigue data to 10' cycles for the peened specimens do not 
show a "knee" in either of the curves. indicating that an 
endurance limit has not baen reached. 

Shot Peening Aluminum Alloys 

Peening of aluminum alloys for improved fatigue resist- 
ance is usually limited to the high-mength alloys thar are 
used mast often in aerorpaca applications. Weight must be 
kept to a minimum in these applications and the service 
smsses are relatively high. Furthermore, anodizing or some 
other coating technique often is r e q u i d  to minimize corm- 
sion. Anodized coatings tend to reduce the fatigue life, for 
example. as shown in the solid-line curves in Figure 25.[23] 
The upper solid-line curve is for tension-tension testa with no 
coating and no peening for specimens of 7075T6 aluminum 
alloy sheet. The lower solid curve is for similar specimens 
with an anodized coating. At lo6 cycles, anodizing reduced 
the failure stress by about 14 percent. 

The open circles in Figure 25 are for data obtained on 
peenadand anodized specimens. The data points indicate 
that anodizing after peening results in fatigue propertias al- 

28 mart equal to those of the unpcrnad specimens that had not 
been anodized. The data points for peened specimens nor 
anodized (+) and peened specimens with a proprietary non- 
elactrochemical Coating (solid circles) did not indicate a 
significant improvement in fatigue life over that of the un- 
peened and uncoated specimens. Fatigue cracks apparently 
initiated a t  the edges of the specimens. which were not 
peened. 

The data points in Figure 26 dw are for sheet speci- 
mens of the 7075-T6 aluminum alloy with the edges rounded 
m allow for peening in these regions. The opensircle data 
points indicate that under these conditions. peening can 
compensate for the effect of anodizing on the fatigue proper- 
ties. Funhermore. the combined effect of peening along widr 
with a proprietary nonelecrrochemical coating (solid circles1 
can yield a 15 percent increase in the fatigue failure mas a t  
lo6 cycles over that for untreated specimens. 

The residual stress pattern near the surfaces of these 
specimens is shown in Figure 27 for the curve marked 0.008A 
Compressive residual stresses occur from the surface to a 
depth of abwt 0.009 inch. Longer peening to an intensify 
of 0.014 produces compressive stresses to a grearer depth. 
about 0.013 inch. as shown in the figure. Beyond this depth. 
the residual stre- are in tension to compensate for the 
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the residual messes are in tension to compensate for the 
residual compressive messes near the surface. To avoid dis- 
tortion of peened components, and particularly for compo- 
nenu of sheet metal. the peening intensity must be the same 
on oppasite surfaces. If the edges are not peened, the sur- 
face residual sues?as there will be in tension. Fatigue cracks 
will then start a t  the edges. if the wwics stresses are uniform 
acrw the mesred are of the component 

Spscimarr similar to thase shown in Figure 25 wen  
tested with (1125inch diameter drilled holes in the test 
do-. For specimens that were peened, anodized. md 
then drilled, the fatigue stress to cause failure at 10" cycles 
was 25 percent l a w r  than for carrespanding specimens that 
were anodized and drilled but not peened. The tensile resid- 
ual stresses at the edges of ttn, holes c a w d  early failure even 
though the s p a c i m  had basn peened Therefore, m obtain 
tha e x w e d  benefitr from shot peening, a l l  surfaces and 
edges should be uniformly peened Any drilled holes, cutoun. 
or deep scratcher made after peening can reduce fatigue 
proprries. 

Fatigue specimens were obtained from an extruded 
7075T6 aluminum alloy tube. 4-114-inch 0.D. with a 718- 
inch wall. in a prcqrarn a t  Menwo to determine optimum 
peening cmditions.[241 The test sections of the specimens 
were hand polished in the longitudinal direction with 180- 
grit emerv paper, shot peened and subjected to axial fatigue 
loading. Peening intensities were established using both 
Almen A ten strips and 7075T6aluminum alloy test strim 
0.125imh thick and 0.750-inch wide. Shot sizes and pee* 
ing intensities wen, as follows: 

lntemiw B d  Intensity Based 
Chilled lmn on Tests with S m l  on Tern with 
Shot Sizes Almen Strim 7075T6 Al  Strim 

P23 (0.023 in. diam.) a0085A. 0.012A 0.0035.O.W50 

P55 (0.055 in. diam.) 4009A, 0.015A. 0.0035.0.0055. 
(1019A 40070 

P93 (0.093 in. diam.) 0.005A. 0.0085A. 0.0035.0.0355. 
(1009A 0.0070 

Glass shot of 0.01Binch diameter also were used in  peening 
additional spacimenr m intensities equivalent to 0.0035 and 
0.0040 imh on the aluminum mipr. An Almen gage war 
used in measuring curvafum of the aluminum mips. Residual 
stress measurements were made on aluminum mips represent- 
ing each peening condition. The fatigue specimsns were sub- 
jected m axial tensile loading at R - 0.1. Tests were made at 
maximum stress levels of both 55,000 and 70.000 pi. Cyc- 

ling rate w s  1800 cycles per minute. Average fatigue data 
for quadruplicate specimens peened with steel h o t  a n  shown 
in TaMe 6. 

Data in the table show comparisons between intensity v a l w  
for peened aluminum s t n p l  and the standard Amen Type A 
values. The data also show that the compressive surface 
stress and the maximum compressive stress in the peened 
layen near the surface increase x the peening intensity in- 
cream within the limia of these experiments. Reulu  of 
the short-cycle fatigue teso indicate that the preferred shot 
size is P23 for 7075-T6 aluminum alloy a t  an intensity of 
0.0124. However. other combinatiom of shot size and in- 
tensity develop nearly the same results for the fatigue tests. 

The data for glarrbead peening in TaMe 6 indicate t h a t  
equivalent peening intemity with glass beads does not devel- 
op the same fatiguelife a d m  peening with chilled iron shot 
No data were given for unpsened specimem. 

Specimens from a British aluminum alloy exuusion 
were tesmd in tension-tansion fatigue a t  the Royal Armanent 
Research and Development btablishment to determine ef- 
fects of shot peening on Parent metal and welded speci- 
mem. [211 Specimens were obtained from the longitudinal 
direction of a %1/2 x 114 inch extrusion. The material was a 
weldable British alloy somewhat similar to 7039 aluminum 
alloy, with compmition 5.0 percent Zn, 1.2 pdrcent Mg.. 
4 3  percent Mn, and 0.2 percent Cr. The extrusion had h e n  J 
solution treated and artificially aged to develop the following 
ensile propemes: 

Yield strength -- 51.7k.i 
Tensile strength -- 60.3 ksi 
Elongation in 2 in. -- 19 percent 

Bun welds were made using the MIG process and NG 6' filler 
wire. The butt ioint was prepared with a single V grwve. and 
a triangular-gmoved bsking bar was positioned under the 
weld joint prior to welding. After 12 wesks aging a t  r w m  
temperature, tensile propenies of a butr weld meaured on a 
2-inch gage length were: 

Yidd strength -- 24.6 ksi 
Tensile strength -- 42.1 ksi. 

Specimens of the parent metal plate and the welded specimem ' 

were peened m a 0.01 2A intensiw using 0.17-inch diameter 
s t w l  shot All spectmens were tested by tension-tension 
loading (minimum stress of 0) at  33 cycles per second. 

Average S N  cunres and the specmen configurations for 
each series of fatigue tests are shown in Figure 28. Shot 
peening the parent-metal plate specimens improved the 
fatigue life only slightly in the high-rtress range but not at all 
a m w s  levels whem failure occun in 10' cycles. However, 
shot peening improved the fatigue life of the tutt welded 
specimens over the entire stress range so that these specimens 

'RrumUv a bid* dmgnnion;corrrp~iQn not n.ll .blr 
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31 
had fatigue properties nearly the same as those of the parent 
metal specimens. Peening the fillet-weld specimens improved 
ae fatigue life Only in the higher stress range and resulted in 
initiation of fracture a t  a different location than that in the 
unpaened specimens. 

Shot Peening Titanium Alloys 

An extensive program on peening of Ti-6AIPV was 
conducted at Bendix to determine b e  preferred peening 
procedure and intensity for extended performance of titani- 
um allov flight control actuaton.[251 Standard mtating- 
beam fatigue test specimens were machined from annealed 
1R inch Ti-6AI-4V alloy rod. After machining, a l l  specimens 
were stress relieved a 1000 F for 1 hour. Tensile properties 
of the annealed Ti-6AIPV rod were: yield strength 149,000 
psi, ultimate tensile strength 157,000 psi, elongation 16 
percent in 1 inch, and reduction in area 50.5 percent 

Peening treatmena for the fatigue specimens consisted 
of one, two. or three peening steps, as shown in Table 7. 
Details of shot size, blast pressures. and paening times are 
given in Table 8. The specimens were fatigue tested at a 
speed of 10.000 rpm. Fatigue data for unpeened specimens 
of the same Ti-6AI-4V alloy are shown at the end of Table 7. 
A compariwn of the fatigue data for the peened specimens 
with the data for the unpeened specimens indicates the ex- 
tent of the improvement in fatigue life that i s  possible as a 
result of the various peening treatments. The following shot 
Peening steps were'recommended for the Ti-6AIPV alloy 

actuators (0.060 to 0.125-inch thick) a t  the conclusion of 
the program: 

Step A - Shot Peen with steel shot to an intensity 
of 0.008 to 0.012A with 200 peffient or 
more coverage 

Step B Glassbad peen to an intenriw of 0.007 
to 0.009N with 400 percent or more 
coveraga. 

For seaions thinner than 0.060 inch. the f i o t  peening s t e ~  
could be to an intensity of 0.004A with steel shot and the 
second to an intensity of 0.005 to 0.007N with glass beads. 
For sections thicker than 0.125 inch. higher intensities might 
be considered for the first peening step but apparently are 
not necessary. 

Two or three peening steps tend to increase the extent 
of coverage. The author of the cited report contends that 
for the conditions covered in this program a t  least 200 per- 
cent (defined in Table 7. Foomote (b)) or greater coverage 
during peening is necessary. Even greater coverage (from 5 
to 800 percent) would be beneficial in preventing random 
early failures a t  relatively high messes in titanium alloys. 

Residual Strsua  From Pwnins 
ntanium A l loys  

Residual surface suesses from glass bead peening of 
two titanium alloys have been mearured by X-ray diffrsrior 

TABLE 6. RESIDUAL STRESS DATA AND AVERAGE FATIGUE LIFE FOR AXIALLY 
STRESSED SPECIMENS OF 7075T6 ALUMINUM ALLOY [24l 

Residual Stresses From Peenina Average Fatigue Lifela) When 
Aluminum Almen A Surface Maximum Maximum Maximum Stress is: 

Strip Strip Stress. Stress. Stress 55wO psi, 70.000 psi. 
Shot lnlensiw Intensity kri ksi Depth. in. 101 cycles id cycles 

P23 0.0035 0.0085 -48.4 -62.5 0.004 165 55 
P23 0.005 0.012 -59.8 -73.0 0.004 185 64 

P55 0.0035 0.009 -49.8 -59.3 0.0055 150 68 
P55 0.0055 0.015 -52.5 -74.5 0.0080 170 48 
P55 0.0070 0.019 -64.4 -81.0 0.0105 180 43 

P93 0.0035 0.005 -36.5 -58.5 0.008 170 47 
P93 0.0055 0.0085 -54.4 -628 0.01 0 175 44 
P93 0.0070 0.004 -62.7 -829 0.0085 140 34 

Glass 0.018b) 0.0035 0.008 -- -. .. 99 43 
Glasr 0.018(b) 0.0040 0.010 .- -- .- 107 16 
GI= 0.018(c) 0.0040 a010 -44.5 -56.4 0.01 1 5 143 39 

'0' R - 0.1 
Ib' O.Ol&inch dlammr, dry 
('1 aomnsh diurnar, mt. 
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TABLE 7. RESULTS OF FATIGUE TESTS ON PEENED ROTATING-BEAM FATIGUE 

SPECIMENS OF ANNEALED l i 4 A I 4 V  ALLOY [251 

Rotatinq-Beam Fatisue Data ---  - - 
Peenins Treatments Maximum Stress 

Peening Shot Almen Covera~e.(b) Maximum as Percent Cvcies to - .  . ~~ ~- . 
Steps Tvpe Intensity percent Stress, ksi of UTS Failure 

1 Glass 

1 Glass 

1 Steal 

S W  

S t d  

steel . 
Glass 

Steel 
Glass 

Smel 
G l a d )  

Steel 
Glass 

Steel 
Glassb) 

Steel 
Glass 

Steel 
Glarr 

Steel 
Glass 

Steel 
Glass 

Steel 
Glass 

Steel 
Glasrb) 

Steel 
~ l a s s k )  

Steel 
Steal 

smal 
Steel - ~ ~ -  0.004A 200 105 66.8 174,000 

(Continued) 
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TABLE 7.~'(~ont inuad) 

Rotarins-Beam Fatique Data 
Peeninlr Treatments Maximum Stress 

Peening Shot Almen coverage.(b1 Maximum as Percent Cycles to  
Steps TVW Intensity percent Stress, ksi of UTS Failure 

1 
2 

1 
2 

Steal 
Steel 

S tw l  
Steel 

Steel 
Steel 

Steal 
Steel 
Gla& 

Steel 
Steal 
~ l a s s i a l  

Steel 
Steel 
Glass 

Steel 
Steel 
Glass 

Stad 
Steel 
Glass 

Steel 
Stuel 
Glass 

Steel 
Steel 
Glassk) 

Steel 
Stssl 

Steal 
Steel 

Steel 
Steel 
Glass 

200 
200 

200 
m 
200 
200 

200 
200 
200 

200 
200 
m 
200 
zoo 
100 

200 
200 
100 

zoo 
200 
loo 
200 
200 
100 

200 
200 
200 

400 
m 
400 
2M) 

400 
200 
100 

Data for unpeened specimens--100 ksi, 13,000 cycles: 90 ksi. 20.000 cycles; 80 ksi. 51.000 qda: 70 hi, 57,000 
cvdes: and 60 ksi, 2.013.000. cycles. 

' Seetima did not hit. 

a GIau bud dumy in wur. 
(bl X-hun6md pncsnt c- - that r h i m d  In a timm (*.id X t i m r  d m  required for 1- cwaruy. 
k )  Sp.simm findly M r N d  and b a t  

Additional &a an g i m  in Tabla 8. 
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TABLE 8. SHOT PEENING DETAILS FOR INTENSITY 
35 

LEVELSPRESENTED IN TABLE 7[251 

Average 
Shot Blast Peening 

Shot Diam.. Pressure. Time, Resulting 
Type in. psi min. I ntensiw 

Steel 0.011 40 

Steel 0.019 80 

Glass 0.002- 30 
0 . m  

Glass 0.002- 50 
0.004 

a t  NASA's Langley Research Center.[261 Specimens were 
1.Binch square from 0.046-inch thick sheet of annealed 
Tii6AI-4V alloy and duplex-annealed Ti-8AI-1MolV alloy 
0.OSDinch thick. Peening consisted of 2 5. and 10 second 
exposure to beads delivered through a 3116-inch nozzle at 
60 pi air pressure. Bead diameter for specimens of both 
alloys was 0.0012 inch. In addition, some Ti-6AI-4V speci. 
mens were peened under the same conditions with beads of 
0.0025 and 0.01 7 inch diameter. Specimens ware peened on 
one side only, with a nozzle-to-specimen distance of about 
6 inches. The unpeened surfaces were protected with a lac- 
quer coating. X-ray diffraction measurements were made on 
the peened surfaces before and after nmoving layers of the 
surfaces by chemical milling thickness increments of 0.0001 
inch until the residual messes were zera Because of the 
peening, the residual surface stresses wen compressive, as 
shown in Figure 29. At depths beyond the zero residual 
stress level the residual messes wsrn tends (in a plane paral- 
Id with the surface) to "balance" the surfaca compressive 
stress, The chemical milling solution consisted of 55- 
H,O, 25cc HNO, lconcentrated) and 802 HF (45 per~entl. 

The nmwxporure X-ray diffractkm technique was used 
in determining the residual meun in the surface layers. The 
m e w  warn determined from measumnt t  of elastic strains 
associated kith a selectmi set of crystallographic planes. 
Details are given in Refsnnca 26. 

To determine the effects of glass-bead peening on the 
tensile prownies. standard sheet-type tensile specimens of 
each alloy were peened on both faces and the edges in the 
reduced sections. The average tensile propenies from dupli- 
cate testsfor each condition are shown in Table 9. Specimens 
peened with the 0.017-inch beads had substantially lower 
yield strengths than the unpeened specimens or the specimens 
peened with the smaller beads, while the ultimate tensile 
strengths apparently were unaffected by peening. The lower 
yield strength is related to the residual stresses as discussed 
in the introductory paragraphs of the Shot Peening for Im- 
proved Fatigue Resistance section. 

Additional studies were conducted on NASA's pro- 
gram. to determine the effect of Prolonged heating n, tem- 
peratures as high as 800 F on the residual compressive sue:. 
in peened specimens. The resulo are summarized in Figure 
30. Thesa relaxation data indicate that reduction in residual 
stresses occurs in the temperature range from 200 to 800 F 
and that it is a time-temperature effect The initial residual 
compressive stresses at the surface would tend to be bene- 
ficial under fatigue loading conditions but reduction of the 
residual stresses by heating for prolonged periods a t  tempe:. 
tures above 200 F would tend to reduce the residual  stress^: 
and also reduce the fatigue life of treated specimens. 

Surface residual stresses resulting from glass-bead 
peening of Ti-6AIPV alloy sheet specimens also have h n  
evaluated a t  Pratt and Whitney.[271 Specimemfor the pro- 
gram were O.2ODinch thick and 2.60-inches wide in the grip 
section. The test section of each specimen was reduced to a 
width of 0.90 inch by machining one 1.00-inch-radius arc 
0.85 inch in from each edge. Both surfaces of each specimen 
were finished by grinding and then the specimens were an- 
nealed at 1250 F for 36 hours. Hardness after annealing wps 
3C-32 RC. Peened specimens were wet blasted with 0.001-. 
inch nominal diameter glass beads at 90 psi air pressure, re- 
sulting in a surface residual compressive stress of 108.000 pri 

Residual stresses were determined on 2.60-inchsquare speci- 
mens by measuring the curvature of one face of the specimen 
after removing layers from the other face by etching. The 
curvature was measured by an optical interferometer method. 
Increments removed during etching were determined by 
measuring the weight loses. Residual stress distribution ne::r 
the surface is shown in Figure 31. Depth of the compressive 
residual stresses was 0.0027 inch. 

Results of reversed bending fatigue tests on the peened 
specimens indicated an endurance limit at 106cycles of 
53.900 psi. The average endurance limit of specimens that 
were stress relieved after grinding was 41.500 psi. Glass-bead 
peening increased the endurance limit 30 percent 

Shot Peening Cast Magnesium 

Early peening tests on cast magnesium alloys resulted 
in more damage than benefit because the conditions 
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FIGURE E). DlSTRlEUTION OF RESIDUAL STRESSES NEAR 
SURFACES O f  TITANIUM ALLOY SPECIMENS 
PEENED WITH GLASS BEADS FOR FIVE 

TABLE 9. AVERAGE TENSILE PROPERTIES OF UNPEENED AND PEENED 
SPECIMENS OF TITANIUM ALLOY SHEElT261 

- - 

Average Glas Peening Yield Tensile Elongation 
Bead Size. Time. Swngth, Strength. in 2 in., 

Alloy in. seC lui ksi percant 

Ti-6AI-4V -- None 151 163 10.5 

Ti-8AI-1MelV -- N o n  135 1 50 13.0 
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peening treatment is most effective in the shortcycle stre:. 
range. However, peening is rarely used for magnesium alloys 
because they are not generally selected for components that 
are subjected to critical fatigue loading conditions. 

Glass-Bead Peening a Nickel-Base Superalloy 

At Pran and Whitney AircraFt. t e s n  have been made 
on specimens of Udimet 700 nickel-base superalloy to deter- 
mine effecn of glass-bead peening and surface cold working 
on residuai stresses and fatigue strengths.[291 Fatigue crack 
initiation and propagation were investigated in electropolishc d 
and glass-bead peened specimens a t  room temperature.. Flat 
cantilever specimens, axial tension specimens, and rotating- 
beam specimens were subjected to fatigue loading. These 
specimens were machined from the solutionized or fully- 
heat-treated alloy. All of them were polished through 600 
grit paper and electropolished. Some were peened subse- 
quently with 0.007 to 0.01 1 inch diameter glass beads in a 
water slurry to an intensity of 0.015N to 0.022N. The resid 
ual stress distribution near the surface is shown in Figure 33. 

Tesa on electropolished specimens indicated that 
solutionizing or conventional solution treating and aging 
resulted in the same fatigue properties. Fatigue strength o i  
these specimens was taken as the stress for initiating a prop- 
agating crack in about 2 x 106 cycles. For the flat reversed- 
bending specimens, the value was * 30 to -f 35 ksi. For glass- 
bead peened specimens, fatigue strength was increased to a 
maximum o f *  75 ksi. Fatigue strength for the other peened 
specimens depended on the extent of blasting coverage. In 
order to achieve maximum benefit. Udimet 700 apparentlv 
must be glass-bead peened in excess of the usual saturation 
peening intensity. Halfcrack fatigue propagation rates at 
various alternating stresses for electropolished and glass-beac 
peened specimens are shown in Figure 34. 

One axially stressed electropolished specimen failed 
after 0.8 x lo6 cycles a t  35 -f 30 ksi stress range while an axial 
specimen that was glass-bead peened m O.022N withstood 
1.0 x 1O"cycles a 50 t 45 ksi without failure and failed onlv 
after 4.0 x 10~additional cycles a t  52.5 * 47.5 ksi. 

were such that the peening produced considerable rough- 
ness and cracking of the surfaces. In later tem, at Dow 
Chemical Company, relatively large shot were usad in peen- 
ing fatigue specimens of cart H-T4 magnesium alloy.[281 
The specimens were of the reversed-bending type and the 
shot was 311 6-inch-diameter hardened steel. Peening was 
accomplished by dropping tha shot 24 t o  48 f w t  onto the 
surfaces of the specimens.' The treatment worked the speci- 
men surfaces to a depth of about 0.003 inch and did not 

In both electropolished and peened specimens, crack: 
first appeared along twin boundaries oriented for maximum 
in-plane shear stress. Initial propagation rams were much 
lower in the peened specimens, as shown in Figure 34, until 
the crack progrersed out of the region affected by the peeni~.y. 

Specimens machined from the cold swagd alloy showed 
no improvement in fatigue Mavior  over the unmaged speci- 
mens even though the yield strength was increased from 130 
ksi to 160 ksi and the hard- was increased from 35 to 48 

pmduce cracks. R w i a  of fatigue tem on specimens peened RC. 

by th is  method are shownh Figure 32. One series of speci- 
mens had ar-cast surfaces and the other had machined sur- R w l a  of these -8 indicato that the major benefit 

facer Improvement in fatigue properties resulting from the fmm glsn bead peening on fatigue properties of Udimet 700 
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specimens may be attributed to the vev low rate of crack 
propagation in the surface layen that are characterized by 
residual compressive stresses. 

SHOT PEENING FOR IMPROVED RESGTANCE 
TO STRESS CORROSlON CRACKING 

Failure by stress corrosion cracking implies that com- 
ponents of certain alloys develop crack when subiected to 
constant tensile stresses above certain levels during exposure 
to specific corrosive environments. Since the corrosive 
action occurs only a t  the surface. any method of reducing 
the resultant surface tensile stresses should tend to increase 
the grols stress required to initiate stress corrosion damage. 
Shot peening is frequently used for this purpose. 

There i s  less background information on the use of 
shot peening to reduce the effects of smrs corrosion crack- 
ing than on its use to improve fatigue properties. However. 
as the number of applications for high-stmngth alloys in- 
creases, the problems with mess corrosion also will increase. 
Failure by strew corrosion cccurs ar intercrystalline cracking. 
but it i s  often difficult to identify the cause of failure be- 
cause the fracture appearance is somewhat similar to that 
rasulting from other causes of delayed failure. However. i f  
shot peening i s  employed to minimize failure by fatigue. the 
peening also will decrease the tendewy for stresscorrosion 
cracking if the environment is corrosive for the alloy. 

Alloy Steels 

Stress corrosion of several shot-peened high-strength 
steels was studied in a compmhensive research program at 
Boeing.1301 Modified U-bend sFecimenr 7.75 inches long, 
1.000inch wide and 0.25CLinch thick were uKd for the 
strerr-corrosion tests. Each of the specimens had a bolt hole 
through the thickness near each end (on 7.00inch centers) 
for attachment to arms which were part of the U-band con- 
fiwration. @ending stress war provided by tightening a nut 
on a threaded bar that connected both of the arms in a way 
that tended to pull the ends of the "U" together. U-band 
specimens and tensile specimens were obtained from billers 
of 4330M and AlSl4340 steel in the short-aansvene d i m -  
tion. They were austenitized a t  1550 F, oil quenched, and 
tempered Nviw at 400 F. The heat-treated tensile specimens 
of the 4330M s t w l  had a yield strength of 217 ksi and a ten- 
sile smngth of 253 ksi; those of the AlSl4340 steel had a 
yield strength of 217 ksi and a tensile strength of 280 ki. 

Among the surface preparations used for the specimens 
wsre (a1 chemical milling, (bl face milling, and (cl face milling 
and h o t  peening. The face milling process. which produced 
a surface roughness of 32 RHR (Roughness Height Reading 
from profilometert. lee a uniform layer of untempsred 
martensite an the surfaces. In peening, the h o t  size war 
0.023 inch avenge and the intensity wei 0.008A. Rasidud 
surfaw stresses for the peened specimens of AlSl4340 steal 

39 
were 59 to 120 ksi in comPression as determined by X-ray 
diffraction. 

For stresscorrosion testing, the specimens of 4330M 
s W  were stressed to 90 Percent of yield strength and tho-? 
of AlSl 4340 steel were stressed to 75 percent of yield 
sfrength on the oumr tensile layen. The U-bend specimen 
assemblies were mounted on a ferris wheel apparatus that 
alternately immersed each specimen in a 3.5 percent NaCl 
sdution for a total of 8 minutes each hour. The immersion 
treatment was continued for a given specimen until it frac- 
tured or until it had been cycled for 1000 hours. Results r.: 
the tats, shown graphically in Figure 35, indicate that peer.. 
ing has substantially retarded mess corrosion cracking. 

Tests on 9NiPCo steels a t  Douglas showed that the 
9Ni4Cc-0.45C type in the manensitic condition was more 
ruscwtible to failure by stress corrosion than the same alloy 
with a bainitic structure or than a similar alloy with a lower 
carbon content.[311 To show the effect of shot peening oi: 
resistance to stresscorrosion cracking. alternate immersior, 
tests were conducted on Prestressed sheet-rype tension speci. 
mens of these steels. ?he specimens were 5.25 inches long 
with test sections 1.5 inches long, 0.500 inch wide, and 
0.120 to 0.130 inch thick. They had pin holes in the grip 
sections for pin-type adapters. Blanks for these specimens 
were machined from thetransversedirection in a 6-inch b i l k  
of HP-94-45 alloy that had been vacuum-arc remelted. The 
specimens were copper plated. austenitized a t  1 500 F in a 
protective annosphere furnace, oil quenched, cooled to 
-100 F for 3 houn. and double tempered at 475 F for 2 hou: 
each time. The copper plate was stripped from the specimei- 
and they were baked a t  395 F for 8 hours. Tensile properti;: 
in the transverse direction were: yield strength 235 ksi. ten- 
sile mmgth 275 ksi. elongation 8.5 percent, and reduction in 
area 31.5 percent (on round specimens). Hardness of these 
specimens was 52 RC. 

Some of the specimens were peened with 5280 cast 
steel shot to an intensity of 0.008A with 100 percent cover- 
age in 5 minutes. The specimens were rotated at 15 to 20 
rpm a t  a distance of 4 to 6 inches from a 3/8-inch nozzle 
supplied with 40 psi air pressure. Residual compres.sive stre..? 
a t  the surface of the peened specimens was 112 to 11 9 ksi. 

Stresscorrosion tests were conducted in sixspring con- 
stant-load iigs of 12,000 pound capacity. The grip ends of 
the specimens and the iigs were coated with a marking materi- 
al usuallv wed in chemical milling. Only the test sections of 
the specimens were exposed during testlnp Loads applied tc 
the specimens were checked by loading the jigs on a univewl 
te8ting machins. Loads also were indicated with a strainqaged 
loadzell bolt in the drawbar of the jig. The 9Ni4Co-0.45C 
steel specimens in the martensitic condition were stressed to 
80 percent of their yield strength. Alternate immersion ww 
in synthetic sea water (pH 7.8 to 8.2) with immersion for 1: 
minutes of each hour until the specimen failed or until it haF 
been subiacredbiacredto 1000 houn of testing. 
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FIGURE 35. RANGE OF FAILURE TIMES FOR STRESS CORROSION TESTS ON WEND SPECIMENS OF 433W ' 

AND AlSl 4340 STEELS WITH VARIOUS SURFACE FlNISHES[MI 

Thm unpeened specimens with a normaljlrind finish 
failed in 43. 56, and 93 hours of alternate immersion testing 
while three peened specimens did not fail in 1W)O hours of 
testin* Surface residual stress in the normalground speci- 
mens were 36 to 57 ksi in compression. Of this series of 
rests on 9Ni-4-0.45C in the ma~ensiticcondition.cadmium 
plated specimens were the mast susceptible tomsncormsion 
cracking while peened specimens were the m a t  resistant 

Stainless Steels 

Hardened and tempered AlSl 410 stainless steel was 
selected a t  General Electric for components which would be 
exposed to high-purity water a t  300 F.I321 However. this 
matwial is susceptible to mesz-~orrosion cracking when 
hardened to 36 to 42 RC and subiected t o  relatively high 
service stresses in hot high-purity water. To determine the 
advan- of shot peening for these components, heat- 
treated specimens of the alloy were shot peened to 0.007A 
and 0.017A intensities with 0.028 inch nominal diameter 
steel shot. The* shot peened specimensand other, unpeened. 
specimens were subjected to a tensile stress of 60,000 psi and 
exposed to airuturated water at 3M] F in a -ti0 autoclave. 
The unpeened tpafimsns failed in one weak or leu  while 
none of the peened specimens failed during8 web exposure. 

Denhard. of Armco Steel. has recommended that shot 
peening of stainless steels be performed with stainless steel 
shot or glass beads tominimirestresscorr~ion problen.[331 

Aluminum Alloys 

Strew corrosion tests have been conducted at Alcoa 
on specimens of two aluminum alloys t o  determine the 
effect of shot wing.1341 Ring-type specimens were ob- 
tained from 2.5inch diameter ban of 2014T651 and 7074 
T651 alloys for these tests. The outside diameter of the 
rings was 2.250 inches. width was 0.- inch, wall thickness 
0.125 inch. The r i n g  were h o t  peened for 3 minutes on the 
OD and for five minutes on the edges with 5230 steel h o t  
to an intensity of 0.011A to 0.012A a 70 psi air pressure. 
During peening, the rings were rotated a t  10 rpm with the 
nozzle 12 inches away. After peening, iron contamination 
was removed by an Alcoa proprietary process (R164).* Both 
psened and unpeaned rings were then pressed onto plugs of 
the required sizes (for interference fits) to produce tensile 

.At Cuuddr, imn cmtunirrdon i$ nmoud fmm p n n d  aluminum 
dloy C a n D M n a  by hnmion in 25 Pnum dudon of nitric 
r i d  tor atam 25 minuor.l381 Afwr th.y n r ind .  the maned 
aurfu .~  m shrkmd by man8 of pomfum fmocyanid. solution 
m inwn (kn dn imn sonmmiMdon hu b.n rmnowd. 



stresses in the rings of 75 percent of the yield strength. Sets 
of five rings each were subjected to (a) 3.5 percent NaCl 
alternate immersion tern (10 minutessutmerged. 50minutes 
drvingl. (b) Point Comfort. Texas. sacom atmosphere, (c) 
Point Judith, Rhode Island seacoastatmaiphere. and (dl New 
Kensington. Pennsylvania industrial atmosphere. Average 
lives of the specimens from each set of rings is shown in Figure 
36 for three of the environments. Corresponding average 
lives of unpeened rings also are indicated in the figure. 

Peening was of little benefit in protecling specimens of 
2014-T651 alloy subjected to alternate immersion in NaCl 
solution becaus the alloy incurred severe surface attack. 
Although peening retarded fracture of the 707ST651 alloy, 
it did not prevent failure a t  75 percent of the yield strength. 
Peenicq had a greater affect in retarding or preventing hac- 
ture of specimens in less were environments. Examination 
of failed specimens indicated that anack of the peened sur- 
face occurs by pining. As soon as the peened layer is pen* 
trated, intergranular attack can occur,causing cracks and final 
failure. 

Peening can ba effective in reducing initiation of mess 
corrosion cracking only i f  (1) a l l  exposed surfaces subjected 
to tensile stresses are peened and (2) the peened surface layer 
remains intact so the corroding media do not come in con- 
tact with the layers that are under tensile stresses. 

Various processing alternatives were considered at 
Northrop Norair to overcome the problem of s m s  corrosion 
cracking in aircraft structural forgings of 707ST6 alloy.[361 
Among these alternatives was shot peening of all 707ST6 
and also 7075T6 structural components, including wing 
span, landing gear cylinders. bulkheads. and fittings. Laal-  
ized areas of residual tensile stress in the machined compo- 
nents are a major contributor to the tendency for s t n u  
corrosion cracking of these components. Residual tensile 
messes occur as a result of removal by machining of the 
surface layers which may have been in compression after 
heat treating. Distortion may result i f  the stresses am of 
sufficient magnitude. Straightening after machining increases 
the lccalized residual tensile stresses. In addition, machining 
of the forgings may expose areas of short-transverse end grain, 
which are more susceptible to stress corrosion cracking than 
the other surface areas in a machined forging. Changing the 
design to avoid end grain exposure on machining is one 
alternative. but the cited references indicate that shot peen- 
ing of these surfaces. and al l  other surfaces of the machined 
forgings. also will improve the mess corrosion resistance. 

Experience gained with high-msngth aluminum alloy 
forgings has indicated that shot peening without first -Tab- 
lishing the most desirable peening conditions and without 
the required controls will not necessarily lead to improved 
stress-corrosion resistance. When peening aluminum forgings, 
use of the largest shot size and greaten intensity that will not 
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produce warpage or distortion is usually recommended. 
Typical shot sizes and intensities are ar follows: 1361 

Intensity Shot Sizes 

Sections 0.1 50 inch 0.010A-0.014A 230. 280 (0.0L. 
and over 0.028 in.) 

Sections under 0.150 0.006A-0.0010A 170. 190 (0.01 7. 
inch 0.019 in.) 

Holes O.OQ3A-O.005A 1 10, 130 (0.01 1 
0.013 in.) 

Surface roughness tolerances also should be considered when 
selecting shot sizes. Minimum peening time should allow 1C.3 
percent saturation of the steel Almen test strip, which will . . 
sufficient to assure more than 100 percent coverage for aium- 
inum forgings, as discussed previously. The cited reference 
also indicates that al l  aluminum alloy components peened 
with metallic shot should be cleaned after peening by immcr- 
sion in a nitric acid solution or by additional peening with 
glass beads. After cleaning, the forgings should be coated 
with a special oil supplied for this purpose until they are 
further protected by anodizing and painting. 

At the Aeronautical Research Laboratories inAum..- ; 

studies were made of the effects of peening on stress corro 
sion in specimens obtained from the short-transverse direc- 
tion in a 6 x 3-inch extrusion of the O.T.D. 5054 aluminum 
alloy, which iisimilar to aluminum alloys in the US 7000 
series.[37] The alloy composition in weight percent is: Zn 
6.0. Mg 2.4. Cu 0.74, Cr 0.10. Mn 0.28. balance aluminum. 
The extrusion was in the fully heat treated and stretched 
12 percent1 condition. The kt specimens, measuring 0.3 x 
0.2 inch in the test sections, were processed in three differenr 
ways prior to shot peening. Specimens of Type A were milled 
from the extrusion and not given any additional heat treat- 
ments. Residual surface saeues of these specimens were 
t 690 psi tefore peening and 27.W psi in compression after 
peening. Specimens of Type 8 were heated a t  870 F for 1.5 
houn. quenched in cold water, and aged at 275 F for 16 
hours. Residual surface messes were 11,000 to 17.000 psi 
in compression after heat treating and 31.000 psi in compres 
sion after peening. Specimens of Type C were cold formed 
into an arc of 8 inch radius and given the same heat treatment 
as Type B specimens. They were then straightened. produc- 
ing tensile messes on one side in the range of 13,500 to 

21 ,000 psi. After peening. the surface residual stresses on 
the sides formarly in tension were about 29,000 psi in 
compression. Specimens were peened with 0.220 inch nomi- 
nal diameter  st-free chilled steel shot to an intensity of 
0.008A. 

Residual surface stresses and depths of peened layers 
were measured by the X-ray technique. Successive layers w r e  
removed in step of 0.001 inch prior to each determinttion i.y 
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FIGURE 36. MEDIAN LIVES OF RING SPECIMENS OF ZOlCT651 AND 7079TBbl ALUMINUM ALLOYS STRESSED TO 75 PERCENT 
OF YIELD STRENGTH AND EXPOSED TO THREE ENVlRONMENTSIYl 
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i polirhing and etching until the back reflection photographs 
E indicated that the etched surface was no longer deformed 

plastically. Residual stress distribution near the surface was 
F determined in a similar way but the specimens were bolted 
i. to 4 x I x 1 inch steel plates to hold them flat while the 

surface layers were removed from one side. Residual stress 
distribution in a specimen of Type A after h o t  peening is 1 shown in Figure 37. 

! In the stms corrosion tau. each specimen was clamped 
: a t  one end in a horizontal position and loaded on the other 

end M a cantilever beam. A salt solution of 0.5 normal NaU 
1 and 0.005 normal NaHC03 in deionized water was dripped ' 

onto the specimetis. Results of these tem for unpeened and 
peened specimens of Type A are shown in Figure 38. Even 
though there is noticeable scatter, data show that the peened 
specimens al l  had greater resistance to failure than the 
unpeened specimens. I f  the threshold stress for the peened 
specimens (fype A) in Figure 38 is 60,000 psi, the corres- 
ponding value for Type B specimens would be about 50,000 
psi, and for Type C specimens 47,M)O psi. For unpeened 
specimens, the threshold stresses are for Type A specimens 
51,WO psi, for Type 8 specimens 34.000 psi. and for Type 
C specimens 29,000 psi. For each series, peening resulted in 
improved stress corrosion resistance. For an accelerated test 
such as this, it is only possible to indicate trends. Other 
environments and other conditions of stressing will give. 
different results, but it is likely that the ratings will td in the 
same order, so long as the environment does not cause rapid 
attack on the alloy. 
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Peenina for Improved Resistanca to 
Stress Cono~ion Cnckinq a t  Fastener 
Holes in 7074T61 Aluminum Alloy 

Stress corrosion cracks tend to start a t  fastener holes i 
certain aluminum alloy components. since the holes usually 
represent stress raisers. Furthermore, the corroding medium 
tends to be retained around the fasteners. The stress corro- 
sion can be reduced by shot peening in the holes but it is  not 
always convenient to do this. for example, when the holes 
must be drilled and reamed during aircraft assembly. A 
special tool was developed a t  Northrop Norair to duplicate 
the peening effect in drilled holes.[31 This tool contains 
several series of floating steel balls in races in an assembly 
that fits in the chuck of a drill press. As the tool is moved 
axially through the hole, the steel balls are forced against 
the hole surface by a revolving hammer. 

Toevaluate the effeaof this process. called Norpeening, 
a series of t e r n  was made on short transvene specimens of 
707ST61 aluminum alloy. The specimens were 8 inches 
long, 1.5 inches wide in the test section, and 0.250 inch thick. 
They were shot peened on al l  surfaces with 280 shot to an 
intensity of 0.010 to 0.012A. A 0.875inchdiameter hole 
was drilled in the center of each specimen, which resulted in 
a stress concentration factor IK,) of 2.0. The specimens 
were then masked except for the holes and either shot peenec 
glass bead peened, or Norpeened in the holes as designated in 
Table 10 and treated with Alodine 1200. They were then 
loaded in a testing fixture to a stress of 38.000 psi (65 percent 
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FIGURE 37. RESIOUAL STRESS OISTRIBUTION NEAR THE EURPACB OF A SPECIMEN (NPE A) 
OF D.T.O. 5064 ALUMINUM ALLOY AFTER SHOT PEENING1371 
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FIGURE 38. RESULTS OF STRESS CORROSlON TESTS ON PEENED 
AND UNPEENED SPECIMENS (TYPE A1 OF D.T.D. 
5414 ALUMINUM ALLOY1371 



TABLE 10. RESULTS OF STRESSCORROSION TE-S ON 
SPECIMENS OF 7079T61 ALUMINUM ALLOY 
WITH PEENED HOLES[3] 

Peeninq Variables 
Pming Houn to 
Method Shot or Failure 

Intensity Bead Size 

None (conudl As drilled and reamed 21 9.4 

Shot Peening 0.003 to O.005A 

0.003 to 0.005A 
plus glass bead cleaning 

Glass Bead 0.003 to O.QO5A - Peening 

I10 139.8 
180.7 
1928 

110 274.5 
609.5 
129.4 

0.013 B e a h  195.1 
223.2 
224.3 

0.002 m 0.004 197.8 
Beads 245.2 

275.3 

Pwning 
Time. 

minutes 
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of yield strength1 and subjected to alternate immenion in a 
3.5 percent solution of sodium chloride (10 minutes in and 
50 minutes out of the solution per cycle). Results of these 
stress corrosion tests are presented in the table. Examination 
of control specimens (as drilled and reamed) indicated that 
the reaming process also developed residual compressive 
stresses in the holes. This accounu for the fact that the con- 
trol specimens survived longer than some of the peened speci- 
mens However. r e d o  of these tests indicate that Norpeen- 
ing may be used to cold work the surfaces of drilled hdes to 
produce an effect equivalent to $hot peening or glasrbead 
peening thereby reducing st-orrcrion cracking. The 
surface residual compressive stresses resulting from paening 
the holes are shown in -Figure 39. 

Titanium Alloys 

In 1965, a number of pressurized Ti-6AI-4V alloy tanks 
which contained nitrogen tetroxide IN20,) failed by stres- 
corrosion cracking. [381 Earlier studies had indicated that 
Ti-6Al-4V alloy was not subject to rtmscorrosion failure in 
N,O,. Since th~s oxidixer was being considered for several 
space propulsion systems, failures of the tanks represented a 
serious problem in the space program. Among many investi- 
gations ?hat were initiated to overcame the problem was one 
in which the inner surfaces of Ti-6Al-4V tanks were peened 
with glass beads. When the tanks were pressurized and tested 
for 30 days a1 105 F, the peened tanks containing "red" 
N,O, did not fail. Unpeened tanks failed in  14 to 127 hours 
under the m e  conditions All of the tanks were in the 
solution-treated-and-aged condition and were pressurized 
with red N, 0. a t  250 prig, which was equivalent to produc- 
ing a wall mess of 90,000 psi. Peening of Ti-6AI4V is not 
required at the present time. because the "green" N,O, that 
is now used confains a small amount of NO. which inhibio 
the stresscorrosion effect. 

Since glass bead peening of titanium alloy componenu 
may help to overcome other sUes+corrosion problems in the 
future. cenain details of the peening procedure that were 
devdoped for the N,O, tanks will be considered as pmented 
in a NASA repoh(39j 

To peen the inside surfaces of the tanks, single-nozzle 
and multiple-nozzle lances were developed to carry the peen- 
ing nozzles into each tank through an opening in one end. In 
the mechanized peening equipment, the lance was mwnted 
on a motorized carriage which moved the nozzles into and 
out of the tank at a controlled rate. Controls also were p r o  
vided to swing the nozzle head thrwgh an angle of 165 de- 
grees in a horizontal plane. Each tank to be uaened was 
positioned on a cradle furnished with a drive mechanism fw 

rotating the tank at a controlled rate. A separate peening 
chamber containing lancemounted nozzles also was provided 
for ma of specimens to establish peening parameten and to 
permit frequent checking of the peening procedure. T w  
specimens included Almen N test mips and strips of Ti-6.q. 
4V alloy 0.063 inch thick which were solution treated and 
aged the same as the tanks. Glass beads used in the program 
were 0.006 to 0.010 inch in diameter. 

Almen N test strips were used to establish conairions 
for peening saturation. Individual test strips were peened for 
various time incremenu up to 40 seconds and a t  several dif- 
ferent levels of air pressure. The point on the deflection- 
venus-time of peening curves for the Almen strips where the 
deflection did not increase by more than 15 percent when 
the peening rime was increased 300 percent was defined ;n 
the saturation point. For the equipment used, saturation was 
obtained in about 8 seconds with 45 to 75 psi air pressure. 
At saturation, the surface coverage by the peening indenta- 
tions approached 100 percent. The conditions established 
for obtaining saturation on the Almen N test strips were then 
used in peening the titanium alloy test sfrips. The residual 
surface stress on the peened titanium alloy strips as deter- 
mined by X-ray diffraction was 120 * 15 ksi in compression. 

A dummy tank with Almen N test strips and titanium 
alloy test s t r i p  mounted a t  various locations on the inside 
diameter was peened by the programmed procedure to deter- 
mine the uniformity of peening before processing the m a 1  
tanks. Tensile specimens also were mounted in the dummy 
tank. The peened tensile specimens had a yield strength 
8 ksi lower than that of unwned  specimens, for reasons 
discussed in the innoductow Paragraphs of the Shot Peening 
for Improved Fatigue Resistance d o n .  The tensilestrength 
and dongation were the same for both peened and unpeened 
specimens. 

Measuremena made on titanium tanks before and after 
peening indicated that there was very liide change in dimen- 
sions as a result of the peening prccess. A cylindrical titani- 
um alloy tank 12.5 inches in diameter with a wall thickness 
of 0.025 inch war 0.0035 inch larger in diameter after peen- 
ing. This  same tank. which was 39 inches long, increased in 
length by 0.010 inch as a result of internal peening. 

NASA's program demonstrated that mechanized glass- 
bead peening can be employed to uniformly peen the inside 
surfaces of titanium alloy tanks to improve their resistance to 
stress corrosion by N, 0,. 

Additional discussion of the effects of peening on 
propePies of titanium alloys may be found in Reference 40. 
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FIGURE 39. COMPRESSIVE RESIDUAL STRESSES AT PEENED AND UNPEENED HOLE SURFACES IN 
SPECIMENS OF 707E=T61 ALUMINUM ALLOYlll 
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