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ABSTRACT: A method of analysis for finding optimum $hot peening specifications for given 
parts and loading conditions 1s exp i~ ineu .  T,,c ~ e r h o d  IS applied to a part with fillets ioaded in 
rotating bend~ng .  The computed oprlmum inte7-sity 1s 9 C. Fatigue tests are reported which com- 
pare thi$ Intensity to the conventionally specified 7 A .  The higher intensity proved clearly superior. 
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The great improvement in fatigue strength that can be obtained by prestress treatments such 
as shot peening has been known for about 50 years [ I ] .  When production quantities were large 
enough to justiig the expense of repeated fatisue tests the treatments have been opxmized em- 
pirically. For other applications certain rules have been established that recommend or pre- 
scribe the treatment, for instance, the specification for shot peening Military Specification for 
Shot Peening of Metal Parts (MIL-S-13165). 

This paper shows a me~hod  for f inding optimum treaments analytically and reports tests that 
validated the method by comparing conventional peening to optimized peening, which was four 
times as heavy as the conventional treatment. 

Criteria and Assumptions 

Failures start on the surface in parts that are free of self-equilibrating stresses (called self 
stresses or residual stresses) and of internal defects. The surface is weaker than the interior 
because it is exposed to corrosion, it has some roughness, and its particles are not supported by 
as many neighboring particles as those on the interior. Also, and more importantly, there usu- 
ally is a stress gradient, with stresses decreasing going from the surface inwards. We neglect the 
surface weakness and consider only the effects of the stress gradients because shot peening is not 
very effective in improving fatigue strength in pure axial loading, but is more effective in provid- 
ing this improvement under the bending and torsion of smooth parts, and surprisingly effective 
for notches that have high stress gradients. 

Producing compressive self stresses in the skin is the main effect of mechanical prestress 
treatments. We neglect other effects such as changes in structure produced by peening. The 
compressive stresses in the skin are balanced by tensile stresses in the core. The compressive 
stresses increase fatigue resistance; the tensile stresses decrease it. Greater peening intensity 
decreases the risk of fatigue failures that start from the surface and increases the risk of fatigue 
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from the interior is our criterion for optin~um peening intensity. 

Fatigue failure of a part is expected if  the stresses at some point exceed the critical stresses I'o 
crack initiation and the resulting crack is not arrested. The critical stress for initiation depend 
on the material and on the mean stress. The critical stress for crack propagation depends on th 
threshold stress intensity factor. We assume that factor to be equal to zero ksi in."2 o 
MPa . m1I2; this is equivalent to assuming that cracks cannot propagate unless the maximum 
stress is tensile. 

To check the stresses at different points against those criteria, we need to know the profiles 
the distribution in depth of the load stresses and of the self stresses. The load stress profile at 
fillets is not readily available. We compared the finite element results produced by Tipton (21 
with formulas used to arrive at the stress gradient at the surface developed by Siebel and Meuth 
[3] and developed a formula 

L = (ax + bxn)S ( 1 )  

where S is the nominal bending stress at the surface, L is the load stress at point x,  x is the 
distance from the center divided by the radius, and a ,  b and the exponent n are constants that 
satisfy the stress concentration at the surface, the gradient at the surface, and the equilibrium 
with external bending moment. 

Figure 1 shows the profile for a 0.035-in. (0.9-mm) fillet radius between the diameters of 1 
and 0.8 in. (25 and 20 mm). 

For the self stress profile, we assumed that the maximum self stress produced by peening 
depends only on the material, not on the intensity, provided tlie shot is harder than the mate- 
rial. We took the depth of conlpressive stress and the maximum from data by Brodrick 141, and 
assumed that the maximum alway; occurs at 25% of the depth, and that the profile is parabolic 
for the compressive self stress. We assumed that the tensile self stress is uniforn~ly distributed in 
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FIG. 1 -Profile of loud stress at the Jillet ?f the ie , /  ~pecinlcr~ 5 .  



the core of the 1 1111,d specimen. The coilcentration of the st.11 srress a l  the notch [51 was ne- 
glected. Figure ? d ~ o w s  llie aswnlcid p ~ o l  ~ l e .  

We compi~teti [ h i  decrease of the near surface sell stress caused by yielilil~g i n  the compres- 
sive part of the LWCICS, but did not change the rest of llle profile. We also neglected t l ~ e  redistri- 
bution of stresses arising from the growth of circu~nferential cracks. We considered only the 
axial stresses; the circu~nferential and radial stresses below the notch were neglected. 

The fatigue limit for the specimr 11 sliown in Fig. 3 was calculated for optirnutn shot peening 
and for shot peening according to MlL-S-13165. The calculated optimunl intensity was 9 C, 
which is more than four times the conver~tional intensity of 7A. 'l'he calculated f,ltigue limit with 
9 C was 23% higher than it was with 7A. 

The computations were done on an IBM PC con~puler.  For the given material properties and 
stress distributions, a bellding rnomenl was assumed. Stresses at small increment., of depth 
were computed and compared \villi Faiiilre criteria. I1 there was no  crack initiation, or if there 
was crai:k arrest at  a point below t 1 1 ~  nitiation, the bending n~oment  was increased and the 
process repeated until a crack was i~i i t i ,~ ted and not arrested. 'l'he bending nioment previous to 
this last one was considerc~l iltc: calct~lated fatigue limit. 
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FIG. 3-Peerzed specimensjatigue tested at lives of about 75.000 cycles; material: 4340 steel; ( I )  0.0 
radius 
within 
temper 

+ 0.005. but radii cct A and B must be equul within k 0.002, (2) diameters ctt A und B must be equul 
t- 0.002: no undercut or step, (3) after finish mcichining, heat in neutrul atmosphere, querzch in oil, 

- to R. 52; do not straighten. (4)  shot peen per 86.02.26, (5) check hardness on I-in. diameter. 

The following material properties were used in the calculations: 

cyclic yield strength, 1600 MPa (230 ksi); 
fatigue limit, 556 MPa (80 ksi); 
mean stress coefficient,* -0.35; and 
maximum compressive self stress, 883 MPa (127 ksi); 

The calculated fatigue limits were 

334 MPa (48 ksi) with 0.005 in. (0.13-mm) depth of compression (7A intensity) and; 
410 MPa (59 ksi) with 0.015 in. (0.38-mm) depth of compression (9C intensity). 

Experiments 

Fatigue tests were conducted to validate the calculations. They definitely established the 
greater strength of the fillets peened with the calculated optimum intensity as compared to 
fillets peened according to MIL-S-13165. 

The tests, which are reported here, were only exploratory. They used a few specime 
at lives of about 75 000 cycles to check whether the much greater effort required to e 
quantitative data sets would be worth while. Figure 3 is a drawing of the specimens. 

These tests were run at Union College, Schenectady, NY, by students of Prof. R. Eisenstadt. 
They used a rotating beam fatigue machine capable of over 565 N . m (5000 Ib. in.) in four-point 
bending. For the first half of the test program, the machine needed frequent adjustments and 
improvements. 

The first series of tests used six discriminating specimens 161. The two fillets on each speci- 
men are exposed to the same bending moment. One fillet was peened to 7A, the other to 9 C'. 
The stronger fillet would remain unbroken when the weaker fillet failed. To make sure that 
accidental differences would not confuse the test, all specimens were mounted with the grooved 
end in the same position in the test machine. Three specinlens had high peening intensity in the 
fillet near the grooved end, the other three had it in the other fillet. This strategy proved espe- 
cially valuable because of the frequent revisions of the test machine; as both fillets were exposed 
to the same conditions, the results were conclusive in a qualitative sense, although somewhat 
doubtful in a quantitative sense. All six specimens failed in the fillet peened to 7A intensity, but 
none failed in the fillet peened to 9 C intensity. 

2The mean stress coefficient is the slope of the line that plots alternating stress over mean stress at the 
fatigue limit. 



To obtain a quantitative estimate of the cicgree of inlprovemrni, four more specimens were 
run  in which both fillets hnJ been peened lo 0 C, and an attempt was made to  get approximately 
the same lifc to failure. 

The raw test dat'! m d  cornpur,d data arc shown in Table I .  A visual comparison is shown i l l  

Fig. 4. As the te\rs were run in \~t ' l )s  with dllferent bendir~g moments, i l  was necessary to con- 
vert numbers ot cycles to a c c u ~ i i ~ ~ l a t e d  damage cycles. 'I'his was done by assunling that the 
Jamage cycles (11 ' )  were proporl lo~~al  to the ninth power ot the respective bending moments. 

Based on the fogarithmic mearts of the bending nmments and cumulative damage cycles, the 
strength i~nprovement was about 3"iu at about 70,000 cycles. Based on the weakest of each set of 
slxcimens, the strength improvement was about 8"L , i t  about 35 000 cycles. I n  both sets of 

'TABLE 1 --Step test results. 
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T A B L E  1 --Cor~tinued. 

NOTE: M = bending moment (Ib. in.), 
I I  = number of revolutions, cumulative cycles 
I I  ' = tr(M/M ,,,J9. 

NOTE: log mean for # l  to #6: 

M 3.631 n ' 5.036 
3.631 5.009 
3.590 4.52 1 
3.622 5.374 
3.631 4.875 
3.622 4.765 - - 

(6 = 0.015) 3.621 (6 = 0.287) 4.930 

mean M = 4 178lb.in. 
mean N '  = 85 100 cycles 

log mean for #7 to #10 

M 3.660 12 ' 4.746 
3.660 4.694 
3.622 4.513 
3.660 5.348 - - 

( 6  = 0.019) 3.651 (6 = 0.362) 4.825 

mean M = 4 472 Ib. in. 
mean N' = 66 800 cycles 

specimens, there was a weak specimen that had the shortest life and also the lowest bendirq 
moment at failure. 

'I'he mechanism by which compressive self stresses arrest cracks that start from notches ha 
been investigated by Heller et al. [71 and by Gerber and Fuchs [a]. They looked at the strei 
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FIG. 4-Futiguc cesr rtsults. 

prottls bielow V-grooves for which approximate solutions h;id been developed by Neuber I9 ) .  
i'he preoent work look\ ;ti fillets lor t\llich no general \oli i t ion~ are known. It simplifies Ihe 
andlysis by neglecting a nurirber 01 factors. 'Thc way in \ r l ~ i c l ~  shot peening rcii.ies fatigue 
hrrength by arresting cracks at wine clepth 1 ~ > l o w  the suri;icc 01 s~l~or) th  bcntling specimens was 

shown by Starker et al. I l U ] .  
The u:je of ~_.uniuiative damage cycles in evaluating the results of stepped fatigue tests requires 

a n  a\sumption about the unknown S-N curve. We .:\su~ued a fatigue strength r;xponent equal to 
- 0 . 1 1 .  'This compares with exponenls ot about - i i .OO given in the lileratuw for similar steels. 

; We assumed that the notched, p ,w~ed  part would have a stronger slope t l i u ~  the s m o o ~ h  speci- 
i tncns would. The stronger s l o p  kavol-s the conventionally peened specimens in the comparison. 

* 
, Conclusion 

A simplified analysis showtll [ha t  (11e op t imi~m hhot peening ~ntensity Sol a lillet is Inorr than 
r times the converitionall) specified intensity. Exploratory tests showecl that the computed 
imun-i intensity is tleti~lirely superlor at fatigue lives between 30,000 and 290,000 cycles. 
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